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* ALUMINUM~VANADIUM SYSTEM 
by 
D. J. Kenney~ H. A. Wilhe lm~ and 0. N. Carlson 
I. ABSTRACT 
The nature of the aluminum-vanadium system has been 
reported on the basis of thermalj microscopic, chemical and 
X-ray evidence. The system contains six different solid 
phases at ambient temperatures: the four intermediate phase 
being peritec tic in nature. Phase properties are summarized 
in Table l. 
The effec t of composition upon density can be represented 
by a s~ries of straight lines; the phase boundaries of the 
a luminum-vanadium system seem to have some correlation with 
the discontinuities in slope of thes e straight lines • . The 
addition of 20 weight per cent aluminum has l ittle effect 
on the hardness of either as-cast or cold-worked vanadium. 
All hardness values observed for alloys containing up to 20 
pe~ cent by weight a luminum fell wi thin 10 points of 60 on 
the ' Rockwell 11A11 scale. On the. other hand~ the addition of 
vanadHim to aluminum 9 has a profound effect on the hardness 
of the metal. The arc-melted alloys were cold pressed 
under 50 thousand psi and reduced as much as 50 per cent in 
thickness& A surprising feature of these alloys is that 
upon annealing in vacuo at 600°C for 24 hours the cold-
worked metal became ha•rder rather than s ofter . . This is 
attributed to the development of a brittle peritectic com-
pound (such as Al11V) whose formation was suppressed during 
the rapid cooling of the arc-melting furnace. 
Aluminum will dissolve less than 0.5 per cent vanadium 
in solid solut1on 9 whi le vanadium will dissolve up to 25 per 
cent aluminum at room temperature . A maximum solid solubility 
of 35.3 per cent aluminum in vanadium occurs at 1670°C. Of 
the four intermediate phases~ only dr (Al-V) shows an appreci-
able solid solubility range (47 to 55 per cent vanadium at 
1360°C ) 'i ·this solubility range decreases with decreasing 
t emperature and is almost ne gligible at room temperature. 
* This report is based on a Ph.D. thesis by Donald J. Kenney 
submitted June 9 1953. 
!""'\ 
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I 
0 
tr.l 
H 
'-0 
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Phase (Al) 
· Formula 
Crystal sym. F~C.C .. 
Lattice const. (i) a0 • 4.0496 
a0 = 4.048lb 
Space group 
Atom/unit cell 4 -
Structured Al ~ 
Peritectic temp. 660°c 
a Melting point of pure vanadium. 
Table 1 
Summ~J of Phase Properties 
~ (Al-V) 
Al'V ll -
" F.c.c .. 
aa = 14.5,86 
' 
~: - FD3 h -
192 
e 
685°c 
{j(ll-V) 
~~ 
Hex .. 
t 
o (Al-V) 
Al v -
. 3 
F.C,.T .. 
cf(AJ...:.TJ) 
Al8V5 \ 
BoC.C. 
a0 = 7.718 ' a0 = 5.3434 a0 = 9.207 
' 
c0 = 17.15 c0 = 8.3257 
D ~: -- ob",2c c Tit~ " F 4/l1111111l T~ - Ili:lm. 
56 lq 52, 
Do22 
' ' 
735°C _ i360°C . 
D82 
i670°C 
bLattice constants of (V) saturated with (Al-V) and (Al) saturated with (Al~V). 
c - - -~ 
Highest symmetry group of three possible groups .. 
dStrukturbericht designation. 
e - , No analogous compound reported. 
(V) 
B.c .. c. 
ao "" 3,031 
ao =- 3.069b 
2 · 
A2 
1825oca 
\. 
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The solid solution phase$ (V) 9 is the primary phase to 
crystallize from the melt in all alloys containing more than 
50 per cent vanadium. 
The crystal structure of each phase was pursued short of 
quantitative intensity measurements 9 and an unambiguous· 
formula is provided for each of the intermediate phases. A 
correlation of the various phase structures indicates that 
a marked tendency toward super-lattice formation exists in 
the aluminum-vanadium system~ An aluminum atom exhibits a 
preference for four nearest vanadium neighbors and four near-
est aluminum.neighbors arranged tetrahedrally. 
II. INTRODUCTION 
With the advent of atomic power~ which is often conceived 
as being furnished by a metal furnace burning metal f~el~ a · 
major surge of renewed interest has been experienced iri physi-
cal metallurgyo Although there are · many instances where -an 
alloy system has been investigated purely out of academic 
interest~ research on metals and alloys is enhanced by a 
commercial need for useful materials. Accordingly~ the metal-
lurgical literature of the first half of this century is 
dominated by alloys of such metals as iron~ copper and alumi-
num. However» the index of usefulness for power generating 
materials must now include nuclear as well as other proper-
ties; and so the current literature has been infiltrated with 
alloys of such laboratory curiosities as zirconium 9 vanadium 9 
thorium and uranium. Titanium and niobium have also assumed 
added significance. 
The physical and chemical properties of an alloy are hard-
ly predictable from the nature of the pure components . Th~ 
has necessarily led to the accumulation of large amounts of 
data in the trial and error search for desirable materials. 
However from nuclear considerations 9 it is strictly true that 
an alloy is no better or worse than the sum of its components 
since alloying or chemical combination will not effect the 
nuclear properties of the elements involved. Hence 9 a list 
of promising alloys can be quickly compiled from a nuclear 
viewpoint 9 and the systems may be then eliminated one by one 
when experimentation has shown that there is little hope of 
improving upon the physical and chemical properties of the 
parent metals. 
Phase diagrams are useful in summarizing some of the data 
collected in the~aroh for new and better alloys and can eVen 
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serve a~ a - ~ough guide for their treatment and beha~ior. Most 
of the phase diagrams of the promising binary systems of light 
metals have been ' thoroughly investigated with the exception 
of the aluminum-variadium ·system. This is rather surprising 
in vi~w of the elementary properties of these two metals. 
Of all the commercially important metals which entered 
the atomic era 3 only aluminum has been extensively employed 
in the internal structure of atomic reactors. The physical 
properties of aluminum are well known; but in addition to 
these 3 it has a low capture cross section for thermal neutrons 
(1) and also for fission neutrons (2). 
Then» too, vanadium is an excellent structural material 
for fast reactors (3). Its high melting point 3 ease of fabrica-
tion» and ductility might be sufficient recommendation; but 
what is more significant 3 vanadium has an absorption cross-
section of about 2.2 millibarns for effective energy neutrons 
of 1 mev: the lowest cross-section of any metal in the first 
transition series. l The ductility of vanadium is such that 
the pure metal can be formed into bars» sheets 3 wires and 
rods with existing techniques; in addition, it has an elastic 
modulus-density ratio practically equivalent to that for 
steel (4). Finally~ the abundance of vanadium in the earth's 
crust is equal to tha t of copper 3 zinc and lead combined (5). 
Therefore 3 it would appear highly profitable to investi-
gate the phase relations of the aluminum-vanadium system pay-
ing particular attention to those alloys which appear to have 
some significance for the atomic energy program. 
III. REVIEW OF THE LITERATURE 
A. Historical Survey 
1. Metallography 
The literature dealing with the aluminum-vanadium system 
is meager and contradictory. In order to evaluate the reported 
1correspondingly, Mg has 0.60 millibrans and Al has 0.40 milli-
barns. Be is considered to be too brittle for general use, 
and Al is the last structural metal to have a harmfu~ moderat-
ing effect which diminishes with increasing atomic weight. 
Hence, aluminum and vanadium suggest an alloy of highest 
tolerable mod€rating effect and lowest possible cross-section 
(fast neutrons) of all the light metals. 
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results, it is necessary to refer to a table of the theoret-
ical compositions of possible intermetallic compounds as 
shown in Table 2. The system is by no means this complicated, 
but most of these formulae have a literary existence or an 
analogue in a similar system and hence will be mentioned 
occasionally below. 
In 1902, Matignon and Monnet (6) studied the grain-
refinin~ effect of vanadium upon aluminum-copper alloys; 
it was mentioned in passing that a residue was isolated by 
chemical means from an aluminum-vanadium alloy containing 
76.9 per cent vanadiumo This residue had approximately the 
composition AlV but the details of this work are not avail-
able. 
About ten years later, Czako (7) investigated a series 
of alloys which were prepared by the alumino-thermic reduc-
tion of vanadium pentoxide. He found that alloys contain-
ing less than 10 per cent vanadium (by weight) were 
malleablk. The hardness rapidly increases (20 to 20 per 
cent vanadium alloys could be pulverized easily) and 
reaches a maximum at about 53 per cent vanadium. With the 
addition of still more vanadium, the alloys become softer 
and the polished sections become free of the troublesome 
cavities encountered with the high aluminum alloys. 
Czako reported further that an alloy containing 1 per 
cent by weight of vanadium in aluminum, contained crystals 
of an intermediate aluminum-vanadium phase, the amount of 
which increased with increasing vanadium content until the 
34.5 per cent vanadium alloy consisted almost entirely of 
this new phase. By treatment of this last mentioned alloy 
and also a 30 per cent vanadium alloy with dilute hydro-
chloric acid, crystals containing 37o9 per cent vanadium 
were isolated. An alloy of 53 per cent vanadium also 
proved to be microscopically homogeneous with a second 
intermediate phase. From an alloy of 58.3 per cent vanadium, 
small crystals with 64.8 per cent vanadium could be isolated. 
And finally, the alloy containing 79.3 per cent vanadium 
was also a single phase which Czako suggested was Alv2 • 
Schirmeister (8) studied the technically important 
effects of the addition of some twenty metals, including 
vanadium to commercial aluminum. It was reported that an 
attempt was made to measure the hardness of these various 
alloys, but the original article is not available for 
examination. However, the work of Czako and Shirmeister 
was incorporated by·corson (9) into the probable phase 
diagram shown in Figure 1. Then too, Fuss (10) reviewed 
10 ISC-353 
the work of Sc hirmeis ter and quoted him as saying that the 
3 per cent vanadium alloy does not shrink or pipe and that 
alloys cont aining more than 3 per cent vanadium swell on 
freezing. Schirmeister found it quite difficult to alloy 
aluminum with vanadium; this experience was confirmed by 
Fuss and a lso by the present work. In testing the phys ical 
properties of his commercial aluminum-vanadium alloysJ 
Schirmeister employed a 2 per cent vanadium sheet which 
was annealed a t 300-350oc; he reported a tensile strength 
of 17,000 to 18J500 psi with an elongation of 27-28 per 
cent and a Brinell hardness of 35. 
Table 2 
Theoretical Phase ~ eomposition 
Formulae Wt. Per Cent vanadium 
14. 65 
21.23 
23.94 
27.41 
32.08 
38.62 
45. 55 
54.25 
55.73 
61.72 
65.40 
79.10 
In this supplementary investigation» Fuss (10$ p. 152) 
found that the microstructures of aluminum-vanadium alloys 
were similar to aluminum-iron» aluminum-manganese» and 
aluminum-molybdenum alloys. vanadium showed no apparent 
solid solubility in aluminum and a eutectic was found to 
exist in the system. 
The solid solubility limit has been obtained by an 
unknown worker (11) who measured the conductivity of aluminum 
containing small amounts of vanadium. An abstract of a 
research memorandum from the A.F.C. (French Alum!num Company) 
-1 
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shows that vanadium lowers the conductivity of aluminum, 
the effect being proportional to the amount of vanadium up 
to Oo65 per cent vanadium by weight which i s the solid 
solubil!ty limit . Unfortunately 9 no heat-treatment data 
are available o 
Roth (12) made a thorough study of the solid solubility 
of vanad ium in aluminum by employing lattice constant 
measurements and conductivity data (Figures 2 and 3)o He 
found the solubility limit to be Oo37 weight per cent 
vanadium at 630°C 9 and this va lue r emained unchanged at 
500, 350» and 2000Co His alloys were prepared by melt-
ing pure aluminum and a 2.5 per cent master a lloy in 
graphite; the alloys thus pr epared contained as impuriti~ 
a maximum of 0.006 per cent iron and 0.005 per cent silicon. 
The compound Al3v was found to have a tetragonal type 
of crystal structure and the l attice constants were measured 
by Brauer (13). The alloys were prepared by the reduction 
of vanadium pentoxide with pur e aluminum in cryolyte und~ 
argon. The crystals were separated from an alloy contain-
ing 10 per cent vanad ium by slowly dissolving the alloy 
in dilute, warm hydrochloric ac id. The crystals so 
obtained ana l yz ed to give 36.5 per cent vanadium. 
Mondolfo (14 ) published no experimental data but did 
show a micrograph of a commercia l a luminum-vanadium master 
alloy which contained 2 .4 per cent vanadium~ 0. 42 per cent 
silicon and 0.56 per cent iron. In this picture» he 
identified five phases as~ Al V, Al4v~ Al 7V» (Al-Fe-Si ) , 
and aluminum solid solution . ~his would indica te that the 
~ow-vanadium portion of the system resembled the aluminum-
chromium or a luminum-manganese system» but he did not 
indicate the extent of his experimental work. 
2. Commercial applications 
There have been a few commercia l applications of a lumi-
num-vanadium alloys. Investigation by Clark (15 ) into the 
effect of vanadium in causing resistance to fatigue» inc~ased 
e longat ion» and improved homogeneity in the non-ferrous 
field has shown that 2 per cent vanadium in aluminum mater-
ially increases both the hardness and strength of aluminum. 
A 4 per cent vanad ium alloy is strong enough for structural 
purposes ; a 10 per cent vanadium alloy is used t o stiffen 
the framework of airplanes 9 piston rings 9 gearboxes 9 and 
electrical equipment (16 ). Al loys containing up to 10 
per cent vanadium are malleable 9 and the binary alloy known 
as 11vanalium" being 3 per cent heavier than aluminum, is 
12 ISC-353 
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strong» hard~ and corrosion-resistant. Alloys containing 
about -63 per cent vanadium are hard and very resistant to 
acids. 
In addition to the above-mentioned uses Eborall (17) 
has shown that vanadium is a powerful grain refiner when 
added to aluminum in quantities up to 1.5 per cent; vana-
dium also has a grain-refining effect on aluminum-copper · 
alloys and renders them susceptible to heat treatment (11, 
p. 472). 
B. Discussion of Reported Work 
In summary, it might be pointed out that only in the case 
of the high-a luminum port i on of the system has any serious 
investiga tion been undertaken 9 and the results are not con-
clusive. czako's (7 9 p. 141 ) original work showed a micro-
graph of an alloy containing 1 per cent vanadium in which 
white crystals were scattered uniformly throughout a grey 
matrix. The white crystals, which he identified as Al~V, 
made up about 15 per cent of the area. This means that 
either the picture was not representative of the alloy, 
or else the white crystals contained far less vanadium than 
Al3V. The reason being~ of course, that th~ white crystals 
cannot contain more than the total amount of vanadium in 
the sample. 
The same criticism can be raised about Roth's (12, p. 357) 
micrographs of the all oys used to determine what he assumed 
to be the solubility limit of Al 3v in aluminum. It is 
interesting to note that if Roth annea l ed his alloys at 
630°C for 14 days 9 then accord ing to Mondolfo (14, p. 48), 
his microstructure should have shown crystals of Al7v 
surrounded by a matrix of aluminum solid-solution. Then, 
too, Brauer (13, p. 208 ) obviously had no knowledge of Mon-
dolfo1s work for he s lowly cooled a 10 per cent vanadium 
alloy from 1200°C in order to obtain single crystals of Al3V. 
Perhaps it is pertinent to say that the existence of 
Al3V is fairly well established; the existence of Al7v and 
Al4V has been po intedly ignored by al l investigators save 
Mondolfo 9 who published no data and worked with alloys con-
taining relatively large amounts of iron and silicon; and 
the existence of any further compounds is uncertain. 
c. Summary of .Pertinent Facts 
For easy reference the pertinent informat ion ~ompiled 
from the literature survey is presented in t abul ar form: 
14 ISC-353 
Melting Points 
Al 660o2°C 
Al7V 750 
Al4V 950 
v 1725 r935l v 1780 1949 
v 1899 1951 
Density 
Al 2o6978 (25°C) 
25°C) Al 2o695 (X-ray, 
3o68 Al3V 
v 5o96 
Crystallography 
Al- FoCoCo' a 0 = 
= V - B • C • C o ' ~0 
Al3V- FoCoT.; a 0 = 
4o0414 ~o 
3.03380 Ro 
5o344 A; ~Q = 
IV. SOURCE OF MATERIALS 
A. Aluminum 
(1938~ (1935 
Because it contains a large amount of iron and silicon» 
ordinary commercial aluminum is not suitable as a starting 
material for equilibrium studieso Since 1925 9 when electro-
lytically refined aluminum became available (18), many 
anomalie s appearing in literature of binary aluminum alloys 
can be credited to the fact that some investigators were 
using aluminum of extremely high purity while others were 
not. Hence» a standard has been laid down (19) whereby 
the minimum purity for aluminum used in equilibrium studies 
shall be 99o99 per cent, and the other metals used for the 
work shall be the purest obtainableo 
Unfortunately, this high purity aluminum was not avail-
able in sufficient quantity for the present work and the 
following plan had to be adoptedg Five pounds of massive 
alumi.num.l> containing a minimum of 99o75 per cent aluminum.$ 
was obtained from the Aluminum Company of Americao This 
metal was used in the practice preparation of alloys 9 in 
diffusion samples 9 and in other studies not critically 
ISC-353 
dependent upon purity. One pound of massive aluminum; con..: 
taining a minimum of 99.9 per cent aluminum was obtained from 
the A. J. Mackay Company. This metal was used in the pre..: 
paration of all samples whose physical and chemical proper-
ties are reported below. 
B. vanadium 
It was not possible to procure any large quantity of pure 
commercial vanadium. However 9 one pound of 99.5 per cent 
vanadium was obtained from the Electro-Metallurgical Division 
of Union Carbide and Carbon Corporation with an assay as 
follows~ 
0 - O.Q~6% 
c - 0.19% 
H - 0.001~% 
All Others - 0.10% 
Since vanadium reduced in this laboratory was found to be 
superior in certain respects to this commercial metal, the 
latter was only employed in a preliminary survey of the 
system and in diffusion studies. 
The Ames vanadium, which was used in the preparation of 
the final series of alloys, was prepared by the calcium reduc-
tion of vanadium pentoxide in a sealed bomb. The method has 
been standardized and reported by Long (20) and Powers (21). 
Pure iodine was used as a booster and the sources of the 
materials are as follows~ 
Vanadium pentoxide · C. P. (Vanadium Corporation of America') 
Analysis~ Si029 0.01%; Cl,~.003%; Fe, 0.005%; 
Alkalies, trace. 
Calcium (Ames redistilled) 
Analysis~ Fe 9 14 ppm; Mn9 13 ppm» N, 100 ppm. 
Iodine U.S.P. XIV resublimed (Mallinckrodt). 
No quantitative purity of the metal thus produced is avail-
able, but the metal gave a hardness value of Rockwell-B-67, 
whereas the commercial vanadium gave Rockwell-B-97 under 
similar circumstances. 
c. Alloys 
As was mentioned above, aluminum-vanadium alloys are quite 
difficult to prepare. Solid vanadium dissolves extremely 
15 
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slowly in molten aluminumj) and aluminum has a · tendency·to 
distill out of · molten vanadium. Then too -above 1000°Cj) 
contamination - from the crucible -and a tmosphere becomes 
a formidab le problem for vanadium (22)o 
It was only logical then 9 to turn to arc-melting as 
a poss ible means of avoiding contaminationo In a labora-
tory arc-mel t ing furnacej) a doCo arc is usually struck 
between a tungsten electrode and the sample 9 which 1~ 
resting on a water-cooled copper crucibleo The sample is 
melted and cooled quite rapidlyj) and the entire operation 
can be performed in a purified helium or argon atmosphere & 
The produc t is general ly a bright metallic button which has 
suffered very little contamination from the furnaceo 
However 9 in keeping with their seeming incompatibility.~) 
aluminum and vanadium still offered great resistance to 
al loying by arc-melting~ The piece of solid vanadium in 
the puddl e of molten aluminum directly beneath the arc 
would sink down to the bottom of the crucible where it would 
remain relatively coolo If too much power were applied 
to the arc 9 the a luminum would boil away~ when the button 
was turned over and remelted 9 the vanadium would again 
sink to the bottomo Naturally 9 each time the sample was 
remelted a little more vanadium would dissolve in the 
aluminum and if this alloying by attrition is continued long 
enough a homogeneous sample will be producedo 
To insure a macrosc opically uniform sample 9 andj) at the 
same timej) to prevent the time consumption from being exorbi-
tant, the following procedure was adopted for the prepara-
tion of the f inal series of alloysz The aluminum and 
vanadium samplesj) not exceeding a combined weight of ten 
gramsj) were arc-melted and flipped four or five timeso 
The resulting alloys~ in the composition range of 40 to 
80 per ce~t by we i ght vanadiumj) proved to be too brittle to 
cold work and were employed in the arc-melted combinationo 
The rest of the a lloys were cold-pressed after arc-melting 
with a reduct1Qn of from 30 to 60 per cento In the composi-
tion range of 0 to 30 per cent vanadiumj) where segregation 
or the vanadium proved to be unusually troubleaome 9 the 
arc-melting and cold=working operations were repeatedo Samples 
from the entire series of alloys were then cut or broken as 
needed for heat treatment 9 and X=ray or microscopic examina-
tiono One of the natural disadvantages of melting such small 
quantities of me tal at a time was that the number of tests 
that could be performed on any particular alloy was limitedo 
It was found that careful attention to the loss in weight 9 
if any 9 of the alloy upon arc-melting eliminated the necessity 
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of chemical analysis in many instances. However, in the 
composition range 40 to 60 per cent vanadium a rare but 
reproducible phenomena occurred which made the nominal 
composition of these alloys uncertain. After being 
flipped two or three times in the arc furnace, the alloy 
would approach a certain critical composition and upon 
cooling it would shatter or even explode with considerable 
violence. If the explosion occurred after the alloy had 
solidified (as judged by the shell-like appearance of the 
fragments, (see Figure 4)), the alloy was considered 
usuable; however, chemical analysis was necessary since 
it was impossible to recover all the fragments. 
Fig. 4--5~ vanadium; as arc-
melted. X 1. 
Table ] contains a list of the alloys used in this investi-
gation. The chemical analyses may be taken to be precise 
to ~ 0.5%. The nominal compositions were obtained by weigh-
ing the sample before and after melting and ascribing any 
loss in weight to a loss in aluminum by evaporation during 
melting. The column marked ~ refers to the discrepancy 
between nominal composition and chemical analysis,a and the 
column of assigned compositions is composed of nominal com-
positions whenever they were judged to be reliable. In 
case chemical analysis is used in assigned compositions, one 
per cent has been arbitrarily added to the experimental 
value in order to make it agree with the nominal composi-
tions; it is helpful in examining microstructures to have 
all compositions referred to the same standard. 
art may be noted that the differences are all positive with 
an average value of about 1%. Furthermore, there is no obvious 
trend in ~ , such as a regular decrease with increasing vanadium 
content. 
Table 3 :-.L'.... l2 
Alloys use'dl. Ji~n,- :Th:ts -WOOrk '·-:: ~-- -T I:_":~ 
Alloy Nominal Chemical A Analyst •s Arc-melting Assigned designation composition analysis reference reference composition 
DJK-2-82-2 9.1% v 5.4% - -~ l . MOB-1~175 BLF-l -Ml93 6% v 
5~4 DJK-3-58 
.... 82-3 17.3 17~8 MOB-1-175 -Ml95 19 
-82'"-4 31:2 30~6 -l'-175 -M227 32 
-82-5 40.4 40~5 -1-175 -Ml97 42 
41~3 DJK-3 ... 49 
-82-6 50.4 52.5 MOB-1-175 -M226 54 (Y') 53.2 DJK-3-54 I!\ 
(Y') 
I DJK-2-82-7 65.9 62.5 MOB-1-175 BLF-l-Ml92 66 0 
(/) 64.2 DJK-3-55 H 64.8 DK-1-34 
- 82-8 81.5 81.3 DJK-3-48 -Ml90 82 
81.2 DK-1-34 
-82-9 86.2 85.4 DJK-3-47 -Ml89 86 
-82-10 93.4 93.5 -3-45 -Ml94 94 
DJK-2-106-13 21.2 BLF-2-M559 22 
-106-16 38.7 37.7 DK-1-34 -M562 39 
DJK-4-44-MC 32.7a 32.2 -t0.5 LFB-2-17 -M628 32.7 
-Me I 36.3a 35 .. 6 -t0.7 2-17 -M631 36.3 
-MC 38.0 37.4 DK-1~30 -M629 38 
aAlloys that did not lose material due to breakage and were weighed before and 
<X) after melting • 
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Table § (Continued) 
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Alloy - Nominal Chemical A Analyst's Arc-melting Assigned designation composition analysis reference reference composition 
-·· 
DJK-4-44-MC 39~4 47o4 DK-1-30 BLF-2-M630 ? 
-MC 42~7a ""M633 42.7 
-MC 52~4 51 ;4 DK-1-30 -M634 52 
-MC 56~2 52~8 1-30 --M646 54 
-MC 66)+ 46;2 · 1-30 -M635 ? 
51~1 LFB-2-17 
-MC 78~7a 75.9 +2.8 DK-1-30 -M632 78~7 
-Me 90.7a -M627 90.7 
DH:K-4-47-MA 14.3a 12.6 -t-1.7 MEF-2-30 BLF-2-M649 14:3 
-MA 17.7a -M654 17;7 
=MA 23.8a -M664 23~8 
=MA 27.2a -M665 27.2 
DJK-4-47-MA 43~8 41.9 DK-1-30 BLF-2--M653 43 
~MA 57~6 57.1 DK-1-30 =M651 58 
-MA 66.8 65.5 +1.3 1-30 -M652 66 
-MA 71.6 50.6 1-30 -M644 52 " 
-MA 82.2a 81.5 -t-0.7 LFB-2-17 -M662 82;2 
-MA 86.1a 84 !1 -t2.0 -2-17 -M657 86.1 
aAlloys that did not lose material due to bre~kage and were we ighed before and 
after melting. 
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Alloy - ·Nominal -
designation Composition 
DJK-4-46--..MD o:4a 
... MD r:-6a 
·:-MD 3~5~ 
-":'MD 6:3a 
-MD 10.1a 
D JK-4-46-MD 92:5a 
-MD 94~4a 
-MD 95.3a 
-MD 98.6a 
Table 3 (Continued) 
- .,._ -" - 4 ··- • 
Chemical Analyst's 
analysis A reference 
0~1 +0~3 MEF-2-30 
1.1 "'1'0.5 2-30 
2:7 -...0~8 2-30 
4:7 ... 1~6 2<-30 
7.6 +2.5 2-30 
91.5 LFB-2-17 
Arc-melting 
reference 
BLF-2-M660 
-M675 
-M661 
-M650 
-M659 
BLF-2-M643 
..,M658 
--M656 
-M655 
:Assigned--
composition 
o:4 
1~6 
3:5 
6:3 
10.1 
92:5 
94~4 
95~3 
98.6 
aAlloys that did not lose material due to breakage and were weighed before and 
after melting. 
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V. APPARATUS AND METHODS 
A. Obtaining Thermal Data 
Since the system covered such a large range of melting 
temperatures~ it was inevitable that several different tech-
niques had to be empl6yed for obtaining thermal-data. The 
use of a resistance furnace~ quartz vacuum tube; arid 
chromel-alumel thermodouple provided the most accurate - dat~; 
but this method was prohibited above -1100°C by the structural 
limitations of · quartz. The next nat~ral change in techni4u~ · 
came at 1500°C» at which point plat~num-rhodium thermocouples 
consistently burn out. The final method» and perhaps the 
most inaccurate» was the use of an optical pyrometer for · 
observing visual signs of melting in this system up to 1900°C. 
Naturally» overlapping data were obtained by the three 
methods» and the results are in good agreement if it is 
remembered that an uncertainty of as much as 25°C sometimes 
exists in pptical-pyrometer data. 
A photograph of the equipment designed spec.ifieally 
for the range» 600 to 1100°C 3 is shown in Figure ~ 5~ The 
heating was done by a 2500 watt electrical re&~atance i furnace which 
accommodated a 3 inch outside diameter quartz tube. The power 
for the furnace was supplied by a 220 volt powerstat driven 
by a Modutrol motor. The system was evacuated by a 60 
liter-per-second-capacity» water-cooled» oil diffusion pump 
and a Welch Duoseal» "1400".~~ mechanical backing pump. It 
was necessary to place a D.P.I. Phillips vacuum gauge behind 
a liquid nitrogen cold finger since the presence of aluminum 
vapor would be harmful to the gauge. The vacuum could 
always be maintained below 0.02 microns» even during the 
initial heating period. 
The procedure was to suspend a 1 inch outside diameter.~~ 
graphite bucket from a rubber stopper at the top of the 
vacuum head. A 1 inch outside diameter thoria crucible con-
taining the alloy and an alumina thermocouple protection tube 
was placed inside the graphite bucket.~~ and the whole assembly 
was su~pended in a 2! inch outside diameter refractory 
cylinder supported from the bottom of the quartz tube. The 
usual thermocouple and differential thermocouple connections 
were made in accordance to recommended procedure (19.~~ p. 9). 
The differential thermocouple made it possible to measure 
and» at the same time» control the temperature gradient from 
the sample to the quartz tube; this,gave a fairly constant 
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Fig. 5--Thermal analysis :f'urnace. 
heating and cooling rate and also served to sharpen and magnify 
the thermal arrests. This differential thermocouple of chromel-
alumel-chromel was connected to a Brown Electronik circular 
scale potentiometer which in turn energized the Modutrol motor 
mounted on the powerstat. The thermal emf of the chromel-alumel 
thermocouple was measured by a Brown Electronik recording strip 
chart potentiometer of the print-wheel type; this instrument 
could record both the temperature and temperature gradient in 
the system. Hence, the thermal arrests could be detected dur-
ing a constant rate of heating or cooling as described above; 
or else the powerstat could be fixed at a definite voltage, 
and the thermalarrests be detected during heating or cooling 
at constant power in-put. 
It was found convenient to maintain the thermocouple cold-
junctions at 35oc by means of the constant temperature oil 
bath shown in Figure 5. The chromel-alumel thermocouple was 
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calibrated with three melting point standards (Al; cu-Ag, and 
Ag) furnished by the National Bureau of Standards; arid three · 
or four duplications of each run showed that the therma l arrest 
of a 10 gram sample could be measured precisely to + 1°C. 
B. Annealing the Alloys 
· The importance of obtaining equilibrium a lloys was accen-
tuated by the four peritectic reactions of this system. Everi 
if the parent alloy contained no segregation on a macros6op ic 
scale, it was safe·· to as sume tha t no a lloy in the range or- · 
10 to 60 per cent vanadium was ·at microscop ic equilibrium in 
the as-cast or as-arc-fuelted condition . The removal of 
segregation or concentration gradients in the ·parent al loy 
was described above in ·the section on alloy preparation; the 
method for obtaining equilibrium on the microscopic scale 
will be described here . 
Only a small portion (1 to 2 grams ) of the co l d-worked · 
parent alloy wa s used in t he hope that any remaining concen-
tration gradient would be removed during the annealing run. 
Ten to fifteen samples were p l aced in two alundum boats 
stacked vertically. The samples were vacuum heated in one 
of several systems typified by the one shown in Fi gure 6. 
At the end of the prescribed heating period, these samples 
were allowed to furnace cool or were quenched in water. Any 
change in we i ght upon annealing was measured with an a nalyti-
cal balance; a loss in weight could be attributed to evapora-
tion of a luminum and a gain was assumed to be due to ox ida-
tion of the sample . The loss in weight observed never 
appreciably altered the composition, and if the specimen 
gained more than Oo3 per cent$ it was discardedo Signs of 
melting or other irregularities were noted before mounting 
the specimen for microscopic examination . 
The vacuum systems employed in annealing experiments 
(see Figure 6) were c omposed of a quartz tube within the fur~ 
nace 9 a diffusion pump with cold trap and a mechanical fore-
pumpo The ultimate vacuum attained upon long standing was 
of the order of OoOOl microns and the pressure was not a llowed 
to exceed 0.02 microns during the heating cycle . A kanthal-
wound resistance furnace was regulated by an electronic con~ 
troller which registered the hot-junction temperature of the 
chromel-alumel thermocouple inside the quartz tube. Since 
it was not possible to place the samples in contact with the 
thermocouple, the annealing temperature may not be relied on 
to more than ! 10°Co The procedure for quenching was to 
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Fig. 6--Typical annealing apparatus. 
merely relieve the vacuum with argon gas and quickly shake 
the contents of the quartz tube into a pan of water. 
A heating schedule for the alloys used in this work is 
presented in Table 4. In view of the long periods of time 
involved, power failures constitued a real menace and samples 
were sometimes discarded because they were too badly oxidized. 
The total, accumulated, running time for all the specimens 
was in excess of 35,000 hours; hence, economy dictated that 
the fullest pos~ible use be made of each sample. The life 
history of a typical sample might include an investigation 
of work hardening, annealing and quench-hardening, melting 
and macro crystal growth, microstructure, and finally, X-ray 
patterns in either the solid, powder, or single crystal 
state. 
C. Preparation of Samples for Microscopic Examination 
1. Polishing 
The specimens for microscopic examination were usually 
quite small (1 or 2 grams) and were mounted in bakelite plastic. 
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The grindirig was · st~rt~d ori · a 240 grit sanding di~k- and ~~s 
followed in order by numbers 320.11 500 and 600 grit papers 0 • 
Th~ sample was · theri polished on a sort -cloth wheel by ·using 
i sdspension of Li~de - A polishing - com~ound " in a ·detergent 
solution. · Iri the · ca~e or al loys containirig - lesi -thari ·ro 
per cent vanadium; the grindin~-wheel ~apers w~re " soiked 
iri ' berizene-~araffiri soltit16n and dried~ This pr66edure 
prevented an excessive · amount·or cold work and smearing in 
the high-aluminum alloy range. 
a 
Table 4 
Annealing Time for Various Temperatures 
Quenching Temperature 
1100°C 
1000 
900 
800 
800 
750 
710 
625b 
600 
Furnace-cooledp not quenched. 
Time at Temperature 
10 hours 
50 
100 
200 
24a 
275 
325 
500 
100 
bAnnealed 100 hours at 800°C.I1 slowly cooled to 6oo0 c and 
quenched. 
2. Etching 
Several different e tching procedures were employed.~> but 
by far the most versatile wa s the one which employed immersion 
in mixed acids. The proportions are: 1000 cc. H20.11 25 cc. 
HCl (cone. ) , 10 cc. HN03 (cone.) and 5 cc. HF (4~). The 
sample was immersed for 10 seconds at 25°C and rinsed with 
water~ if necessary, this etch was repeated and the progress 
of the successive etchings was observed under the microscope. 
This etch proved sa t isfactory in a ll cases where it was not 
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nec_~ .. ~sary ~o · bring out the grain · boundaries of the pnase; · (V), 
o~ cU~tinguish between the phases, (Al) and 0( (Al-V}. · Phase 
terminology is -discussed below in the section on the micro-
scopic nature of the system. 
The best method for bringing out the contrast between 
(Al) and o<(Al-V) consisted in immersing the sample for 10 
seconds in a concentrated solution of KOH at 8o0 c and rinsing 
with cold water. 
Either an el~ctrolytic etching or cathodic etching proved 
satisfactory for revealing well-defined grain boundaries in 
the (V) or vanadium solid ~elution phase. The electrolyte · 
employed in the electrolyt _  ic etching was a 3N HNO':i solution 
containing 1 per cent by w~ight of KF; a current ~ensity or · 
about 0.1 amps per square em was found to give good results. 
The cathodic etching wae mainly done as an experiment to test 
the universality of th~t method and is described in detail 
elsewhere (23). The conditions which proved to be the most 
satisfactory for cathodic etching of aluminum-vanadium alloys 
were: 
Atmosphere -- Argon at 20 microns. 
Electrode Spacing -- 15 inches. 
Voltage . ~- 6000 volts. 
Current -- 13 milliamps. 
Time -- 15 minutes. 
A Bausch and Lomb Research Metallograph was used to examine 
and photograph the specimens. Photomicrographs are presented 
below in four standard magnifications (75X, 120X, 250X and 
500X). It was possible to obtain magnifications up to lOOOX 
but no further information was procured by doing so. Exten-
sive use was made of visual examination of the samples under 
polarized light. Anisotropic crystals exhibit extinctions 
in polarized light as the metallographic stage is rotated 
(24), and two of the four intermediate phases in this alloy 
system proved to be anisotropic. 
D. Preparation of Samples for X-ray Analysis 
X-ray diffraction data were used to obtain three types 
of information: phase identification, precision lattice con-
stants, and crystal structure~ Three general methods of X-ray 
analysis were employed with varying degrees of ~uccess to 
obtain these three different kinds of information. usually, 
the powder method gave the best phase identification, 
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polycrystalline solid specimens gave the most reproducible 
l~ttic~ coristants; and ~heri available. sirigle crystals gave 
i~formation conc~rning crystal structures. 
1. Powder specimens 
It was possible to crush ~lloys iri the range 15 -to 70 
per cent van~dium "with a diamond morta.r without ·noticeably ·. 
broadening . th~ X-r~, diffraction lin~s. It is ·necess~ry iri 
studies involving malleable alloys to anneal crushed powder 
at about 600°C to relieve the strain caused by the cold work-
ing. Since thi~ treatment was · not necessary in the case of 
these aluminum~vanadium alloys, the possibility of contamina-
tion during annealing was eliminated. This method had the · 
further advantage of giving an X-ray pattern for each observed 
microstructure. That is, the specimens used for microscopic 
examination were broken out of their bakelite mountings and 
given an X-ray analysis without further heat treatment. 
The X-ray powder patterns of these alloys at room tempera-
ture were obtained on a 11.4 em diameter Debye-Scherrer 
camera using filtered copper radiation. The alloy powder 
was screened through a number 300 mesh and mounted in a thin-
wall, glass capillary of approximately 0.04 em diameter. The 
back-reflection region of the powder pattern was usually 
taken concurrently with the Debye picture ana was used to 
calculate precision lattice constants. A symmetrical self-
focusing camera of 12.0 em diameter was employed, and the 
calculations were refined by the analytical extrapolation 
first proposed by Cohen (25). 
In general, visual examination of the Debye pattern of 
a t wo-phase alloy was sufficient to identify the phases 
present and also estimate their relative amounts. Lattice 
constant measurements were usually hampered however, because 
of the frequent superposition of lines from different phases 
and the consequent difficulty in indexing these lines. 
2. Solid samples 
Since alloys at the extremities of the system were too 
soft and too reactive to be used as powdered samples, it was 
profitable to examine their X-ray spectra in the massive 
state. The Phillips X-ray spectrometer embodies essentially 
the same principle as that employed in the original Bragg 
experimentsj a Geiger counter measures the intensity of the 
beam diffracted from the surface of a solid sample for any 
given value of the Bragg angle, e. The bakelite mounted 
samples used for microstructure determination could be placed 
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directly in th~ X-ray uriit ~rid a com~l~te phase id~ntification 
made in the course of ·an hour: However, this .. method was 
limit~d by -th~ fact th~t the relative intensities of " th~ -- · 
diffe~erit ~efl~ctiori~ were inherentli -~rratic, and ·no e~timate 
of the relative amounts of the different -phases could be 
~ade. This ·situation ·became quite critical in the high-
vanaaiu~ portion of the system where the grain size of -the 
(V) phase was large and the body-centered cubic vanadium 
structure gave only a few reflections. 
The effect of grain size upon the intensities of the 
reflection measured by the Geiger counter was studied exten-
sively since it was desired to measure the change in ·lattice 
constant with composition of the (V) phase. There are ·only 
two intensity peaks in the whole back-reflection region of 
this body-centered cubic phase (copper radiation)» and both 
of these reflections had to be sharply resolved to obtain 
a precise lattice constant. A schematic drawing ·of the · 
Phillips X-ray spectrometer is shown in Figure 7. The unit 
is essentially the same as an asymmetrical» self-focusing 
camera in that the sourcep the sample,and the Geiger counter 
or film all lie on the circumference of the focusing circle. 
It can be seen that a sample of finite length should be · 
curved and not planar to lie truly on the focusing circle. 
In the front reflection region where 2 e is small and the 
focusing circle is large, the plane surface of the sample 
closely approximates a segment of the circumference of the 
circle. However 9 in the back-reflection region where 2 e 
is large and the focusing circle is small 9 only a small 
area of the sample approximates the circumference of the 
focusing circle; hence 9 for a large grain sample only a few 
grains are located in the optimum focusing position.a 
A special sample holder was designed to measure the 
lattice constant of the (V) phase (Figure 8). The purpose 
of this instrument was to affect a translation of the sample 
in a tangential direction to the focusing circle at constant 
e. This was done by means of a simple system of gears and 
racks so that the sample could be remotely controlled while 
being exposed to the X-ray beam. The procedure was to fix 
the sample at an approximate value of 2 e» translate the 
sample to obtain a maximum peak intensity» and then measure 
2 e precisely. It was found that in the critical region of 
2 e equal to 140° a translation of only 1 mm would make the 
difference between a large intensity peak and no peak at all. 
Satisfactory lattice constants were obtained for the vanadium 
aThe focusing circle shown in Figure 7 is really the cross 
section of a focusing cylinder whose height for this unit 
is about 1 em. 
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" FOCUSSING CIRCLE_.......-\ 
I t DtFFRACTED I BEAM 
., __ 
!lOCAL SPOT "'-.. 
TAKE-OFF ANGL0----"'.....,..---~ 
.............. ____ _ 
DIVERGENCE ANGLE----/ 
Fig. 7--Phillips X-ray spectrometer (schematic). 
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Fig. 8--solid sample holder ror x-ray 
spectrometer. 
solid solution phase by using the graphical extrapolation 
proposed by Nelson and Riley (26). These constants are 
reported in the section on the microscopic nature of the 
system. 
3. Single crystals 
Single crystals are, of course, invaluable in determin-
ing the atomic arrangement in a phase; also, when the powder 
pattern of a phase is complex, single crystals are often the 
only means of indexing the pattern and hence, making phase 
identification. In this investigation, the fullest possible 
use was made of this phase identification function of single 
crystals, while crystal structure information was pursued short 
of quantitati~e intensity measurements. Single crystal 
specimens of oC (Al-V), ;3 (Al-V), and '?s (Al-V) were available. 
The powder photograph of an alloy containing the ~ and !-9 
phases is black with lines; that is, the error in determining 
the position of a line is often of the same order of magnitude 
as the distance between adjacent lines. It is doubtful if 
proper phase identification could have been made for ~ (Al-V) 
and (-3 (Al-V) without the use of single crystal information. 
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Si~~le cfy ~ta l dat~ have · be~n ~~th~red ' frb~ · rot~tioh, 
o~riilla tion, W~ is~enb~rg ; - and · p~ec~ision - pictur~i and are 
pr esented below in the sect i on on phase structure. 
E . Chemica l Analysis 
1. Volumetric 
All of the alloys we r e ana l yzed for vanadium, and the 
aluminum was then dete r mi ned by difference. This procedure 
i s not too profitable in the high - vanadium portion of the 
system, but measured densities when plot t ed against nominal 
compositions gave a stra i ght line in this region. The method 
for volumetr i c analysis was based essentially upon that work~d 
out by Willard and Young (27 ) who s howed that i t was feasible 
to use ferroin (ferrous o-phenanthr ol i ne sul fate ) as an 
oxidation-reduction indica t or f or the vanadic acid-vanadyl 
sys t em , provided the hydrogen i on concentration is sufficiently 
high . The a lloys could be di ssolved in hot concentrated 
nitric acid, and after adding s ul furic acid and fuming the 
solution, it wa s pos sible t o completely oxidize the vanadium 
to vanadic acid with an excess of sodium bismuthate. The 
solutions were t hen t itra t ed wi~h s t andard ferrous sulfate 
using ' the above-mentioned f er roin indicator. The reported 
chemical composit i on of a lloys conta i ni ng more than 10 per 
cent vanadium may be taken to be pr e cise t o 0 .5 per cent. 
2 . Spec t rophotometric 
Alloys cont aining less than 5 pe r cent vanadium were 
ana l yzed bl a spectrophotometr ic method ; this determination 
of vanad i um is usua lly bas ed on the reddish-brown color formed 
by the P.~n tava lent vanad ium and hydrogen peroxide in an acid 
so l ution. However, a detailed descr i pt i on of the method 
used here has been given by Te l ep and Boltz (28 ) , in which 
a characteris t ic absorption peak of t he complex is measured 
in the ultra-vio l et r egion. St andard curves were construc~ed 
by the ana l ytical section of the Ames Laboratory (29). 
VI. EXPERI MENTAL RESULTS 
A. Macroscopic Na t ur e of t he System 
1. Density 
The density of a series of arc-me lted a lloys was measured 
by observing the appar e nt l os s of weight ' in wa t er and i s s hown 
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in Figure 9o The points have been joined by segments of . 
straight - lines in a somewhat arbitrary manrier. These straight 
lines may "6r may not have a real ·significance sinde they -
merely serve to emphasize the linearity of certain portions 
of the curve and the deviations from average specific volumes 
of the elements. The room-temperature phase bound~ries "for 
the system are indicated by vertical lines and there seems 
to be - some correlation between discontinuities in s16pe or ·· 
the specific-volume curve and these phase boundaries. However, 
it must be emphasized that these alloys are in the as-arc-
melted and not the equilibrium condition. Whenever the 
malleability of the alloy permitted 3 the density of the arc-
melted button was measured after it had been compressed under 
50 thousand psi to about the shape of a silver dollar. 
2o Hardness 
The addition of aluminum to vanadium seems to have little 
effect on the hardness of either the as-arc-melted or cold-
worked metal. All hardness values observed for alloys con-
taining up to 20 per cent aluminum either in the as-arc- · 
melted or cold-worked condition fell within 10 points of 60 
on the Rockwel l "A" scale. 
On the other hand~ the addition of vanadium to aluminum 
has a profound effect on the hardness of the metal (Seef Figure 
10). The high-aluminum arc-melted alloys were cold-pressed 
u~der 50 thousand psi and reduced "up to 50 per cent. A 
surprising feature of these alloys is that upon annealing in 
vacuo at 600°C for 24 hoursj some of the cold-worked samples 
became harder rather than softer. Perhaps this is due to 
the presence of the brittle peritectic 9 Al11V, whose forma-
tion was suppressed during the rapid cooling of the arc -
melting furnace. 
3. ,Ageing 
A 0.5 per cent vanadium a lloy was cast in graphite under 
an argon atmosphere and rapidly cooled in a stream of air. 
The al l oy was cut up for two test series of ten samples 
each; the first series was pl aced in an oil bath at 50°C 
and the second in a bath at 1oooc. Periodically 3 a sample 
was removed from each series and its hardness was measured 
on an arbitrary Rockwell scale. After about 3 hours at 
50°Cj the first series show a maximum hardness (Figure 11); 
whi le the series at 100°C exhibi t ed a maximum hardness after 
only 40 minutes. In each case the hardness dropped upon 
extended treatment. 
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Fig. 9--Specific volume of arc-melted alloys. 
33 
34 ISC-353 
150~------------------------------------------------------------~ 
• 
:I: 
• 
0 ARC- MELTED 
0 COLD-WORKED 
l:t. PARTIALLY ANNEALED 
10 20 30 
WEIGHT PER CENT VANADIUM 
Fig. 10--Hardness of high-aluminum alloys. 
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Although these samples were not given the rapid quench 
usually employed to obtain maximum age-hardening (30) "they 
did respond to the subse~uent heat-treatment. There app~a~s 
to be two harderiing eff~cts · obtained upon th~ heat-treatment 
of aluminum-rich alloys. One is perhaps a true age-hardening 
~£feet, while th~ other (occurring in the range of 600°C) is 
perhaps due to the formation of a hard peritectic compound. 
B. Microscopic Nature of the System 
1. Introduction 
Micrographs and X-ray diffraction patterns have revealed 
the existence of six phase fields in the aluminum-vanadium 
system. Phase designation has been made in accordance with 
the procedure first proposed by Dix and Keith and later 
modified by Fink and Willey (19~ p. 4). The chemical symbols 
of the elements necessary for the formation of a phase are 
placed in the order of decreasing atomic percentage and 
enclosed in parentheses. They are separated by hyphens in 
order to distinguish them from chemical formulae. If two 
or more phases would have the same designation according to 
the above rules~ they are distinguished by prefixing Greek 
letters. It is desirable but not always possible to 
arrange the Greek letters in alphabetical order, since 
additional phases may be discovered after the system has 
already been described in the literature. 
In order to facilitate a report of the experimental 
results, an artifice will be employed whereby the phases 
are first described as entities unto themselves and later 
examined in the significance of neighboring phase relation-
ships. 
Generally speaking, the agreement between microscopic 
and X-ray analysis is excellent. However, an uncertainty 
exists in assigning an exact composition to samples con-
taining between 40 and 70 per cent vanadium. Chemical analy-
sis is meaningless when the sample is not at equilibrium; 
then too~ as mentioned above, explosions would often dras-
tically alter the originally intended composition of an 
alloy. It was profitable to examine non-equilibrium alloys 
in the as-arc-melted or partially annealed state since they 
often revealed a sequence of phase formation. 
Therefore each photomicrograph presented below has been 
assigned a composition (weight per cent vanadium) in accord 
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with - that listed in the last column of Table 3. When it was 
not possible to determine the composition'trom chemical 
analysis or loss in weight~ the photomicrograph has been 
assigned a composition on the bas is of the relative amounts 
of the different phases present. The symbol (E) has · been -
placed after such estimated compositions. Of course~ such 
a procedure presupposes an identification of the phases 
present and the location of their phase boundaries. 
2. Phase properties 
(a) (Al) . Aluminum wil l dissolve a small amount of 
vanadium in soTid solution; the solubility limi!t of 0.37 per 
cent vanad ium at 630°c was determined by Roth (12~ p. 357) 
who employed electrical resistivity and l attice constant 
measurements. Figures 12 and 13 show the microstructures 
of (Al) and (Al) with an excess of c<: (Al-V). The aluminum 
matrix is usually gouged and pitted in a two phase alloy 
because of its ext reme softness and chemical reactivity. 
This characteristic is often an aid in i dentifying the con-
stituents in a microstructure . very little work was done on 
this phase s.ince an extreme ly high purity of alumi num is 
necessary and as s t ated abovej aluminum of only 99.9% was 
ava ilable . However~ it was determined by thermal analysis, 
that the addition of vanadium neither raises nor lowers 
the melt ing point of the (Al) phase, w&thin t~limits of 
experimental errors (~ 1°c, . 
(b) oC (Al-V). The l ast intermediate phase to be detected 
in the aluminum-vanadium system was oC (Al-V) . This phase 
does not exist above 685°C and is seld m found in a cast 
alloy. It is difficult to distinguis h this phase from (Al ) 
under the micr osc ope since the two phases have similar 
etching characteristics. Then too~ ~ (Al-V) and (Al) are 
both optically inactive under po l arized light because both 
are isotropic. X-ray diffraction patterns of powder samples 
show th~ crystal symmetry to be face-cent ered cubic (a 0 = 
14.586 ~ ); this seems to indicate that the crystal may be a 
super lattice0 of aluminum which is also fac e-centered cubic (a0 = 4.0496 A). ~ (Al-V) corresponds to the formula Al11v. 
Tne extent of solid solubility in this phase i s unknown. 
~ypical microstructures of ~ (Al-V) and (Al) and with~ (Al-V) 
•re shown in Figur~s 14 and 15~ respective ly . 
(c) ~ (Al-V). Figure 16 shows the singl e phase micro-
structure f'ound in a 23.8 per cent vanad ium a lloy . This phase 
is probably the one Mondolfo had ref~rence to when he reported 
AliV (14~ p. 48). ~ (Al-V) is usually porous since it can 
on y be formed by a diffusion mechanism and not by a ca sting 
operation . Unlike o( (Al-V) ~ this phase shows optical activity 
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Fig. l2--o.4 per cent vanadium. 
Quenched from 625°C. Aluminum 
solid solution phase, (Al). 
Etched with KOH. X250. 
Fig. 14--6.3 per cent vanadium. 
Quenched from 625°C. Islands of 
a in (Al). Etched with KOH. 
X250. 
Fig. 1:3--1.6 per cent vanadium. 
Quenched from 625°C. (Al) plus 
small crystals of a . Etched 
with KOH. X250. 
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under polari.zed light and hence (Al.:..v) can be distinguished 
microscopically from (Al-V}o (Al~V) does not exist above 
735°C (its incongruent melting point) and corresponds to the 
f6rmula 0 Al6V; it crysta llized in a hexagonal unit cell (a0 = 
7.7184 A ; ~0::: 17.~5 Jt ) . · 
(d) ¥ (Al-V). This phase corresponds to the formula 
Al3V and its crystal structure has already been reported by 
Brauer (13~ p. 208). It exhibits an incongruent melting · 
point (peritectic reaction) at 1360°C in much -the same manner 
as its isomorph Al Ti (31). o (Al-V) has a much greater -
optical activity t~an # (Al-V) and hence can be immediately 
identified under polarized light; a typical micrograph or ·· 
Al3V is shown in Figure 17. Table 5 shows that the lattice 
constants of o (Al-V) in a two-phase region depend upon the 
other phase present; this is the classical illustration of 
a solubility range in an intermediate phase. The change 
in the ratio of c0 and a across the one-phase region -
probably represents a so~ubility range of about 1 per cent~ 
but no· quantitative calculations can be made. However~ 
the constants in the /-3 plus 0 and ?J plus cF regions show no 
measurabl·e dependence upon temperature which suggests that 
the phase boundaries are essentially vertical. The lattice-
constant measurements were made on powdered specimens using 
a 12 em diameter back-reflection camera. 
(e) ~(Al~V). In the copper-zinc system 0 the intermediate 
phase designated as 1f -brass crystallizes in a body-centered 
cubic structure with 52 a toms per unit cell (32). c((Al-V) 
is isomorphous with ~ -brass and corresponds to the formula 
Al8v5 ; the diffraction lines on a powder diagram of c((Al-V) 
show no splitting due to rhombic distortion as in the case 
of Al8Cr5 (33 ) . A typical micrograph of cF (Al-V) is shown 
in Figure 18, this phase shows no optical activity under 
polarized light and can therefore be easily distinguished 
from ¥ (Al-V) (see Figure 19). a (Al-V) is stable up to 
1670°C (itsjncau~nt melting point by optical pyrometer) and 
seems to have a considerable solid solubility range at 1360°C. 
The data in Table 6 can be interpreted to give a rough 
description of the solubility range of dr(Al-V). It must be 
borne in mind that the addition of an aluminum atom expands 
the crystal lattice (see Figure 2 and Figure 28)~ and hence~ 
an increase in lattice constant represents an increase in 
aluminum content for this cubic phase. The measurements were 
made with a 12 em diameter back-reflection camera on powdered 
specimens which had showed either ~ plus rf or d plus (V) 
under the microscope. Therefore~ it seems that there is 
little or no solid solubility below 600°C but that the extent 
of solubility increases with increasing temperature. Further-
more~ the saturated solid solutions on either side of the 
40 ISC-353 
Table 5 
Lattice Constants of ~ (Al-V) 
a 
co/ao 
a a b co/aob Compn. Quench ao 
temp. 0 
36.3%V 625°C 5.344~ 1.5580 
36.3 710 5.343 1.5582 
36.3 800 5.344 1. 5581 
38 800 5.342 1.5589 
38 800 5.342 1.5584 
43 800 5.348~ 1.5545 
38 900 5.343 1.5584 
42.7 900 5.347 1.5549 
42.7 1000 5.345 1.5552 
36.3 1100 5.343 1.5582 
38 1100 5.341 1.5587 
38 1100 5.343 1.5582 
a 
Constants of 0 in the two-phase region, /3 + 0 0 
bconstants of o in the two-phase region, 7f ... J" 0 
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Fig. 16--23.8 :per cent vanadium. 
Quenched from 710°C. One phase, 
f3 (Dark areas are voids) • Etched 
with EF-EN03 -Hcl. X250. 
Fig. 18--56 :per cent vanadium (E). 
Quenched from 600°C. Fine needles 
of (V) in 0 . Etched with HF-
HN03 -HCl. X250. 
Fig. 17--38 per cent vanadium. 
Quenched from 8oo°C. One phase, 
Y. Etched with EF-HN03 -HCl. X250. 
Fig. 19--43 :per cent vanadium. 
Quenched from 800°C. Polarized 
light. Large grains of y (alter-
nately bright and dark) containing 
small grains of 0 (always dark). 
Compare Fig. 55. Etched with EF-
HN03-HC1. X75. 
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one phase region increase in aluminum content with increasing 
temperature. 
(f) (V). vanadium will retain up to 25 per cent by 
weight of aluminum in solid solution when furnace cooled from 
high temperatures. Only a rough estimate of the room-
temperature saturation can be made, since experience has 
shown that equilibrium is difficult if not impossible to 
attain below 6oo0 c. 
As might be expected~ alloys in this solid solution range 
were quite similar to pure vanadium . They were characteristi~ 
cally hard and lustrous but easily pitted by etching reagents. 
Quench 
temp. 
900 
1000 
1100 
Table 6 
Lattice Constant of cf (Al-V) 
9.205~ 
9 .241 
9.248 
a 0 ( d"~" (V) ) 
9.208~ 
9.223 
9.233 
9.240 
The addition of large amounts of aluminum in solid solution 
improved the appearance of the microstructures, but as yet 
no highly satisfactory etching procedure has been obtained 
for pure vanadium or high vanadium alloys. The micro-
structures show a single phase region extending from pure 
vanadium over as far as 78.7 per cent vanadium (Figures 20, 
21, 22, 23, 24 and 25). It was first thought that 78.7 per 
cent marked the limit of solid solubility in (V) since 
higher magnifications at this composition (Figures 26 and 27) 
revealed the presence of small particles at the grain 
boundaries. However, this precipitation phenomenon was 
found to occur in alloys of higher vanadium content (Figure 
23). Then too, X-ray measurements placed the solubility 
limit at 73 per cent vanadium . Therefore, the best inter-
pretation is that these particles are oxide or nitride 
imp uri ties precipitated along the gr•ain boundaries. 
i :, 
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Fig. 20--Vanadium as arc-melted 
from the bomb reduced metal. 
Cathodic etch. Xl20. 
Fig. 22--92.5 per cent vanadium. 
Quenched from 600°C • One phase, 
(V). Electrolytic etch. X75. 
J'ig. 21--98.6 per cent vanadium. 
Quenched from 600°C. One phase, 
(V). Electrolytic etch. X75. 
Fig. 23--86.1 per cent vanadium. 
Quenched from 600°C • One phase, 
(V). Electrolytic etch. X250. 
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Fig. 24--82 per cent vanadium. 
As arc-melted. One phase, (V). 
Cathodic etch. Xl20. 
Fig. 26--78.7 per cent vanadium. 
Quenched from 900 C . Small oxide 
or nitride impurities at the grain 
boundaries. Electrolytic etch. 
X250. 
Fig. 25--78.7 per cent vanadium. 
Quenched from 900°C. One phase, 
(V). Electrolytic etch. X75. 
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Fig. 27--78.7 per cent vanadium. 
Quenched from l000°C. Oxide or 
nitride impurities at the grain 
boundaries of (V). Electrolytic 
etch. X250. 
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The X-ray pattern of (V) shows only diffraction lines 
of pure vanadium» and the lattice constant increases with 
increasing amounts of aluminum. This means that the solid 
solution is .of the substitutional type . in which aluminum · 
atoms take up random positions in the vanadium body-centered 
cubic lattice. 
A precise measurement of the change of lattice constant 
with composition indicates the extent of solid solubility 
at various temperatures . Figure 28 shows a plot of lattice 
constant against atomic per cent vanadium; the lattice con-
stants were taken from measurements made on quenched solid 
specimens using the X-ray spectrometer. The lattice constant 
is independent of temperature in a one-phase region and does 
not change with composition in. a two-phase region. 
3. Phase relations 
The limit of solid solubility for the (V) phase as sh~ 
_by lattice constant measurements is we ll substantiated by 
micrographs. Figures 29 and 30 show the formation of dr (Al-V) 
from (V) by nucleation and grain growth; this mechanism is 
characteristic of a solid precipitation reaction such as 
crossing a solvus during cooling. Figures 29 and 30 are 
interpreted thusly~ (V) solidifies completely from the melt 
forming the large equiax grains which are typical of this 
solid solution phas.e. Upon further cooling» the solid solu-
tion becomes saturated with ~(Al-V). The large amount of 
precipitation at 600°C (Figure 30) indicates a considerable 
dependence of solubility upon temperature. When annealed at 
higher temperatures (Figures 31. 32 and 33)» the precipitate 
becomes more coarse and migrates to the grain boundaries. 
The whole process may be summarized by the non-equilibrium 
sample shown in Figure 34; the assumption here is that a 
concentration gradient is equivalent to a time gradient. 
That is. if the super-saturated solution could be observed 
at some temperature such as 900°C, the passage of time 
would be marked by the coarsening of the precipitate and 
its migration to the grain boundaries. 
In discussing microstructures, it is convenient to 
refer to a model such as shown in Figure 35. For the sake 
of the discussion» some of the alloys have been classified 
into the composition ranges A~ B, C, etc.; and hence, the 
microstructures from Figure 29 and Figure 34 may be des-
cribed in terms of the hypothetical alloy, Aj shown in 
Figure 35. It must be noted that no matter h~w drastic the 
heat treatment, alloys in the range of A all give evidence 
of having been completely (V) at one time, (See Figure 33). 
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Fig. 29--70 per cent vanadium (E). 
Furnace cooled from 800°C. Pre-
cipitation of 0 and migration to 
the grain boundaries of (V). 
Etched with HF-HN03 -HCl. X250. 
Fig. 31--66 per cent vanadium. 
Quenched from 900°C. Precipitate 
in Fig. 30 beginning to agglomer-
ate. EtChed with HF-HN03 -Hcl. 
X250. 
Fig. 30--66 per cent vanadium. 
Quenched from 600°C. Heavy pre-
cipitation of o from (V). 
Etched with HF-HN03 -HC1. X250. 
Fig. 32--66 per cent vanadium. 
Quenched from ll00°C. o within 
the grains and at the grain bound-
aries of (V). Etched with HF-
HN03 -HC 1. X75 . 
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Fig~ 33--66 per cent vanadium. 
Quenched from ll00°C • 0 within the 
grains and at the grain boundaries 
of (V). Etched with HF-EN03 -HCl. 
X250. 
Fig. 34--concentration gradient. 
As arc-melted. Etched with HF-
EN03-RCl. X250. 
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As more aluminum is added to the alloys, a transition 
range is approached in which it becomes increasingly clear 
that the micro~tructures correspond ·to the hypoth~tic~l - alloy 
B instead of A. In Figures 36~ 37 and 38, the remains of 
the l arge equiax grains are no longer evident. (Compare · 
Figure 31 with 38» and also 33 with 37o) The alloy B (Figu:e 
35) represents this situation in which the melt can no longer 
solidify completely before ~ (A l-V) begins to form. Because 
of the noticeable difference in grain size between Figure 30 
and 36, an estimation based on the microstructures may be made 
to place the terminal solid solubility point at 65 per cent 
vanadium. That is, the original grains of (V) in Figure 36 
were coated with peritectic reaction rim before they had a 
chance to grow large as they did in Figure 30. 
Significantly, there is no pl ace where ~(Al-V ) is 
primary to (V) (Figures 39, 40» 41 and 42); this is exempli-
fied by Figure 41 in which th e fish-spine crystals of (V) are 
typical of primary dendrites--that is, the first phase to 
solidify from the me lt. Solid precipitation particles can 
still be seen in the dendrites of Figures 39 1 and 40, but · 
they have been annealed away in Figure 42. With still higher 
concentrations of aluminum~ a one phase alloy is approached 
at about 55 per cent vanadium as shown in Figure 18. 
Alloys in·· the composition range of C (Figure 35) show 
a radical change from previous microstructures. Figure 43 
is interpreted as a non-equilibrium, three phase alloy of 
this composition range in which the primary dendrites of 
(V) are surrounded by r::f (Al-V) which in turn is surrounded 
by finely divided ~(Al-V) precipitated after the al loy had 
completely solidified . The finely divided~ phase etches 
much more rapidly than the other phases and will often appear 
compl etely black in such a three phase alloyo 
The addition of more aluminum will give a micrograph of 
the type shown in Figure 4-4; 'II"' (Al-V) begins to form before 
the melt can solidify c ompletely o The cooling history of 
samples in the range of C is best explained in terms of the 
classical - peritectic reaction which usually l eaves the system 
in a state of meta-stable equilibrium. As the alloy approaches 
the first temperature horizonta l» and primary dendrites of 
(V) become coated w"ith J (Al-V); the reaction being 
(V) ~ Liquid = d (Al-V ) 
The reaction proceeds at a slow rate because it involves a 
solid diffusion process» and the alloy supercools. That is, 
the heat evolved is not sufficient to arrest cooling l ong 
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Fig. 35--Thermal and X-ray data for the aluminum-vanadium system. 
Fig. 36--64 per cent vanadium (E). 
Furnace cooled from Soooc. Contour 
lighting. 0 in relief from (V) 
matrix. Etched with HF-HN03 -HCl. 
X250. 
Fig. 37--62 per cent vanadium (E). 
Quenched from ll00°C. o (con-
tinuous) plus (V). Etched with 
HF -EN03 -HCl. X250. 
.. 
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l!'ig. 38--62 per cent vanadium, (B). 
Quenched from 900°C. (V) in a ma-
trix of o. Etched with HF-HNo3 -
HCl. X250 • 
Fig. 4o--58 per cent vanadium. 
Quenched from 600°C. Dendrites 
of (V) in o. Etched with HF-
HN03-HC1. X250. 
l!'ig 39"--60 per cent vanadium (E). 
Furnace cooled from 8o0°C. Den-
drites of (V) in the 0 matrix. 
Etched with HF-HN03-HCl. X250. 
:rig. 41--58 per cent vanadium. 
Quenched from 800°C. Dendri tea 
of (V) in 0. Etched with HF-
HN03 -HCl. X75. 
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enough for all the (V) to react with the melt. When the next 
temperature horizontal at 1360°C is reachedj)a .J"(Al-V) becomes 
coated with~ (Al-V); the reaction being 
d(Al-V) .a. Liquid = o (Al-V). 
Hence, at the moment the alloy becomes completely solidified, 
it contains concentric layers of (V) surrounded by cr(Al-V) 
surrounded by~ (Al-V). Naturallyj) a large concentration gradient 
~xists across the ~ (Al-V) layer, and upon further coolingj) 
part of this layer becomes supersaturated with ~(Al-V) which 
precipitates out of the solid solution. Upon low-temperature 
annealingj) it is possible to eliminate the (V) dendrites 
(Figure 45) and even eradica~e the concentration gradient 
entirely at higher temperatures (Figures 46 and 47). 
A.s more aluminum is added to the systemj) it becomes evi-
dent that (V) can no longer be formed and cr (Al-V) is now 
the first to crystallize from the melt. (See Figure 35j) com-
position range D.) That dis the primary phase in Figure 48 
can be shown by the residual outline of large equiax grains 
of a which is absent in Figures 46 and 4-7. The addition of 
still more aluminum indicates that a (Al ~V ) is able to retain 
a large amount of ~ (Al-V) in splid solution at high tempera-
tures (Figures 49 and 50); at lower magnifications the grains 
appear black with finely divided precipitate. 
A microstructure transition, analogous to the one shown 
by Figures 30 and 36j) occur or. increasing the aluminum con-
tent from the range D to E. There is a noticeable difference 
in grain size between Figures 49 and 52. This difference has 
been taken to indicate that the terminal solid solubility 
point lies approximately at 47 per cent vanadium (see Figure 
51). The sharp distinction between o (Al-V) at the grain 
boundaries and a(Al-V) within the grains of Figure 51 is 
probably due to the formation of o first by a peritectic 
reaction and latter by precipitation in the solid stateo Upon 
annealing, the material at the grain boundaries will then 
agglomerate the finely divided precipitate in its immediate 
vicinity. 
The significance of the series shown in Figure~ 53j) 54, 
55 and 56 is· that in no instance does ?f (Al-V) appear as primary 
dendrites in equilibrium with or (Al-V). Therefore, since 
(V) is always primary to r:i and d is always primary to '2r j) 
aThe~peritectic reaction has the effect of removing vanadium 
from the system and shifting the composition to the ··left in 
Eigure 35. 
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Fig. 42--58 per cent vanadium. 
Quenched from l000°C. Dendrites 
of (V) in 0 . Etched with HF-
HN03 -RCl. X250. 
Fig. 44--52 per cent vanadium • 
. Quenched from 625°C. Dendrites of 
(V) in o. Long crystals of Y in 
finely divided Y. Etched with 
RF-HN03 -HCl. X250. 
Fig. 43--54 per cent vanadium. As 
arc-melted. Light dendrites of 
(V) in grey 0 • Finely divided 
y. Etched with HF-HN03 -RC1. 
t250. 
Fig. 45--52 per cent vanadium. 
Quenched from 800°C. Same as 
Fig. 44 except (V) has disap-
peared. Etched with HF-HN03 -RCl. 
X250. 
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Fig. 46--52 per cent vanadium. 
Quenched from 900°C. Same as 
Fig. 45 except finely divided Y 
has disappeared, leaving only 
crystals of y in the 6 matrix. 
Etched with HF -HN03 -HCl. X250. 
Fig. 48--50 per cent vanadium (E). 
Quenched from l000°C. y at the 
grain boundaries and within the 
grains of 6. Etched with HF-
HN03-HC1. X250. 
Fig. 47--52 per cent vanadium. 
Quenched from 1100°C. Same as 
Fig. 46. Y in 6 matrix. 
Etched with HF-EN03 -HC1. X250. 
Fig. 49--48 per cent vanadiUm (E). 
Quenched from 600°C. y at the 
grain boundaries and within the 
grains of 6. Etched with the HF-
HNOrHCl. X250. 
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Fig. 50--48 per cent vanadium (E). 
Quenched from 600°C. Higher 
magnification of Fig. 49. X500. 
Fig. 52--46 per cent vanadium (E). 
Quenched from 625°C. 0 (dark) plus y 
(light). Etched with HF-ENo3 -
HCl. X 250. 
J'ig. 51--47 per cent vanadium (E). 
Quenched from 900°C. y at the 
grain boundaries and within the 
grains of 0. Etched with HF-
HN03-HC1. X250. 
l'ig. 53--45 per cent vanadium (E). 
As arc-melted. Plus (continuous). 
Etched with HF -HN03 -HCl. X250. 
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these three phases have been related by the two peritectic 
horizontals, shown in Figure 35. A thermal arrest was 
observed at 1360°C (Pt-Pt (10% Rh) thermocouple) in an 
alloy containing 37 per cent vanadium; whereas, an alloy 
containing 48 per cent vanadium showed neither thermal 
arr~st nor signs of melting when heated to l440°C. There-
fore, 1360° has been taken as the incongruent melting 
point of~ (Al-V). 
Alloys in the range of 50 to 70 per cent vanadium 
were observed to become partially molten at 1670°C 
(optical pyrometer), and this has been taken as the incon-
gruent melting point of ~(Al-V). Thermal data as well 
as other data are plotted in Figure 35. 
The microstructures of the arc-melted alloys in the 
high aluminum portion of the system gave an early indica-
tion of still more peritectic complexities. Figure 57 shows 
primary dendrites of ~ (Al-V) surrounded by two other 
phases. Partial annealing of this alloy increased its 
complexity~ since four phases now appeared (Figure 58); 
the phases designated as q (Al-V) and rS (Al-V) seem to have 
grown at the expense of~ (Al-V) and (Al), the matrix 
phase . That this is an approach toward equilibrium was 
verified by later experiments. 
Thermal analysis in the range of 5 to 20 per cent vana-
dium showed three distinct thermal arrests at 659°C, 685°C 
and 735°C; 685°C and 735°C have been taken as the incon-
gruent melt ing points of o( (Al-V) and ~(Al -V), respectively, 
and 659°C is the melting point of (Al). The results of 
the thermal analysis using chromel-alumel thermocouples, 
are presented in Table 7 and plotted in Figure 35. As usual, 
peritec tic arrests are obtained with much greater clarity 
upon heating than upon cooling. 
A series of alloys, which have been homogenized at 
various temperatures and then quenched, serves to illustrate 
the reactions which occur in high aluminum regions of the 
system.· A 36 per cent alloy remains essentially unaltered 
up to 710°C- (Figures 59 and 60); upon crossing the peri-
tectic d~composition temperature (735°C) of~ (Al-V), the 
alloy shows signs of melting (Figure 61). There is a 
radical change in the shape and the relative amount of 1r 
upon crossing the 735°C horizontal since f? decomposes to 
give liquid plus more o . Upon further heating, the alloy 
continues to melt and the grains of grow quite large (Flgure 
62); also~ the solubility of cr (Al-V) in the melt increases 
at higher temperatures, as shown by the . change in the ratio 
of ~ to liquid be t ween Figures 61 and 62. 
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Fig. 54--45 per cent vanadium {E). 
Quenched from ll00°C. 6 plus y • 
Etched with HF-EN03 -HC1. X250. 
Fig. 56--42.7 per cent vanadium. 
Quenched from 900°C. Small cry a-
tala of 6 in y matrix. Etched 
with HF-EN03-HCl. X250. 
Fig. 55--43 per cent vanadium. 
Furnace cooled from 8oo0 c. 
y (continuous, matrix) plus 6. 
Etched with HF-EN03-HC1. X250. 
Fig. 57--19 per cent vanadium. As 
arc-melted. Primary dendrites of 
y (grey) with $ (white patches) 
with (Al) matrix. Etched with KOH. 
X500. 
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Table 7 
Thermal Analysis with Chromel-Alumel Thermocouple 
0 (Al) 0(. (Al-V) /3 (Al-V) 
M.P. C Heating Cooling Heating Cooling Heating Cooling 
Comp. 
4%v 663 737 
662 694 737 
662 658 694 682 732 
658 696 735 
lO%V 658 686 679 737 
660 658 684 681 732 
660 686 737 
662 660 696 681 739 
18%v 66la 688 684 733 
22%V 662a 694 663 126 
692 677 726 
694 726 
39%V 
a Alloy thought to show a pseudo-thermal arrest due to 
peritectic reaction. 
• 
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Fig. 58--19 per cent vanadium. An-
nealed 75 hours at 6oo0 c and fur-
nace-cooled. y(grey) plus {3 (light 
grey) plus (Al) (gouged and pitted). 
Occasional white patch is a . 
Etched with KOH. X500. 
Fig. 6o--36.3 per cent vanadium. 
Quenched from 710°C. y (dark) plus 
(3. Etched with EF-HN03-HC1. X250. 
J!'ig. 59--36.3 per cent vanadium. 
Quenched from 625°C. Y (dark) plus 
{3 • Etched with HF-HN03-HC1. X250. 
"'·~· . ' 
., 
J!'ig. 61--36.3 per cent vanadium. 
Quenched from 800°C. y plus 
quenched liquid (rough). Etched 
with HF-HN03 -HCl. X250. 
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A similar sequence occurs for a 32 per cent alloy 
(Figures 63 and 64); and an alloy containing 27 per cent 
vanadium shows that ,8 (Al-V) is completely decomposed at 
750°C (Figures 65 and 66). Finally» the radical difference 
between Figure 16 and Figure 67 leaves little doubt that 
the thermal arrest observed at 735°C is associated with 
the incongruent melting point of~ (Al-V). 
Alloys containing oC (Al-V) andP' (Al-V) start to melt 
at 685°C and show only ~ (Al-V) plus melt at , 7509c (See 
Figures 68, 69, and 70). In lieu of testing the samples 
under polarized light» 1r (Al-V) and~ (Al-V) .. may be easily 
distinguished by observing that crystals of ~ (Al-V) 
retain their sharp corners when in equilibrium with the 
melt while crystals of~(Al-V) become spherodized. In 
this regard, the sequence shown in Figures 71, 72 and 73 
gives further evidence; the profiles in Figure 72 strongly 
suggest a random orientation of single crystals with a 
definite geometrical form. When the aluminum matrix of 
this sample was dissolved in NaOH, these crystals were 
indeed found to be hexagonal prisms with well-defined faces; 
one of the more perfect specimens was mounted for the 
space group determination of f3 (Al-V) reported below. 
The series of quenches performed on the 6y3 per cent 
alloy shows no deviation from the pattern already estab-
lished (Figures 14, 74 and 75). Many other samples were 
examined in this region and throughout the entire system, 
but since they provide only complementary information it 
was not thought necessary to present them b~re • . In all, 
235 samples were examined under the microscope and of these 
67 were verified by X-ray analysisQ The results of the 
thermal, microscopic and X-ray investigations on aluminum-
vanadium alloys are in good agreement. A summary of the 
X-ray and thermal data is presented in Figure 35 - against 
a backdrop of wha t is to be the proposed phase diagram 
for the system . 
C. Atomic Nature of the System 
1. Introduction 
The discussion of the nature of the system on the 
atomic sca;e is likely to be the most nebu~ous of all since 
the path what is measured to what is reported is quite 
devious. However, information about crystal structure is 
often closely related to ~he microscopic and macroscopic 
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Fig. 62--36.3 per cent vanadium. 
Quenched from ll00°C. Y plus 
quenched liquid (rough). Etched 
with EF-RNOrHCl. X250. 
Fig. 64--32.7 per cent vanadium. 
Quenched from ll00°C. y plus 
quenched liquid {rough). Etched 
with EF-HN03-Hcl. X25Q. 
Pig. 63--32.7 per cent vanadium. 
Quenched from 625°C. y (dark) 
plus /3. Etched with EF-RN03-
HC1. X250. 
:rig. 65--27.2 per cent vanadium. 
Quenched from 625°C. y (dark) 
plus {3 • Etched with EF-HN03 -
HC1. X250. 
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Fig. 66--27.2 per cent vanadium. 
Quenched from 750°C. 'Y (dark) plus 
quenched liquid. Etched with HF-
HN03 -RCl. X250. 
Fig. 68--17.7 per cent vanadium. 
Quenched from 625°C • {3 ( ligb. t) 
plus • Etched with HF-HN03-HCl. 
X250. 
Fig. 67--23.8 per cent vanadium. 
Quenched from 750°C • y plus 
quenched liquid (rough). Uh-
etched. X250. 
Fig. 69--17.7 per cent vanadium. 
Quenched from 710°C. {3 plus 
quenched liquid (rough). Etched 
with BF -HN03 -RC 1. X250 . 
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Fig. 70--17.7 per cent vanadium. 
Quenched from 750°C. y plus 
quenched liquid (rough). Etched 
with HF-HN03-HCl. X250. 
Fig. 72--10.1 per cent vanadium. 
Quenched from 710°C. f3 plus 
quenched liquid (rough). Etched 
with HF-HN03-HCl. X75. 
Fig. 71--10.1 per cent vanadium. 
Quenched from 625°C. a {smooth) 
plus (Al). Etched with KOH. 
X250. 
I 
·•· .. _,. ... 
Fig. 73--10.1 per cent vanadium. 
Quenched from 750°C. y plus 
quenched liquid (rough). Etched 
with HF-HN03-HCl. X250. 
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f • 
IJ 
( \ ·~-
. .. . .... . ... 
. • . ,.,. .. .:..... ~ .... J . 
,. :-; - .. ·. •. . • •• .. , f 
. ,., . . ~~ ·· .. ;. .. ·· ... ~ ~ ·, ~;. • , . :•y • .. , 
Fig. 74--6.3 per cent vanadium. 
Quenched from 710°C. Large crys-
tal of ~ in quenched liquid. 
Etched with BF-EN03 -HC1. X250. 
Fig. 75--6.3 per cent vanadium. 
Quenched from 750°C. Large cry a-
tal of y in quenched liquid. 
Etched with BF-EN03-HCl. X250. 
.. 
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properties of an alloyo 
the entire system again: 
atomic arrangements. 
Hence it i s profitable to examine 
this t ime from the viewpoint of 
It would not be practical in the present investiga-
tion to determine the exac t configuration of each atom in 
each phase since this requires a large amount of time and 
a high degree of s pec ialization. However 3 surveying the 
system as a whole gives one advantage that is not always 
available to a crys ta llographer~ a basic relation exists 
be t ween the structure of a phase and i t s neighboring phaseso 
Some of the coord inating links between neighboring phase 
structures are: substitutional solid so lution~ nucleation . 
and grain growth 9 diffusion 9 and the application of Brillouin 
zone theory t o phase structure (34 ) oa 
Therefore» it is t he purpose of t his section to first 
describe what is known about the -individual phases and then 
to synt hesize a probable t rans ition meohan ism from one 
phase to the next. 
In est ima ting the number of atoms per unit cell from 
the measured density 9 the following formul a wil l be usedg 
where 
DVA 
w 
n = number of atoms per unit cell 
D = density 
V ... volume of 1:te unit cell 
A "' Avogadro' s number 
W = average atomic weight of 
the density specimen. 
When an a lloy containing 10 to 30 per cent vanadium is 
slowly cooled from 900°C in vacuo 9 it develops a troubles ome 
porosity either from evaporation of aluminum or shrinkage 
a in making an X~ray investiga tion of the Al-Cr sys tems Brad-
ley and Lu (35) found nine intermediate phases . The powder 
patterns of each of the phases were remarkabley similar in · 
that the strong lines of one pattern could be a lmost super~ 
imposed on each of the others o Bradley commented on this 
situation by saying that phase formation cannot be expected 
to ent~il any grea t rearrangeme nt of the atoms in the 
neighboring phases • 
• 
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upon freezing. Although such an alloy is often unsuitable 
for the determination of microstructure or physica l proper, 
ties» it lends itself nicely to single crystal work. The 
surface of a vacuum-·cast alloy in this percentage range i.s 
covered with a grey powder containing many sparkling points 
which resolve under a low-powered microscope into well-
formed single crystals. Because of the peritectic com-
plexities already described 9 it is possib l e to have many 
phases in a slowly cooled alloy. Hence» the phase to whip.h 
a single crys t al corresponded could not be deduced from 
the over-all composition of the alloy. No single crystals 
of (Al-V ) were available. Crystals of~ (Al-V) and ?J 
(Al-V) were obtained from a slowly cooled casting9 and a 
crystal of ~ (Al-V) was isolated from a microstructure 
specimen (see Fig. 72) by chemical means. 
(a) CI (Al-V). The most plentiful type of crystal to 
be found in slowly cooled castings of 10 to 30 per cent 
vanadium is a long, regular, quadrangular prism. These 
crystals usually occur in dendrites ·or pine-needle clusters 
from which they may be separated with tweezers. Full 
rotation of a typica l specimen in cu~ radiation showed 
theBe crystals to be Al3v. This compound 9 as de~ermined 
by Brauer (13 9 p. 210) 9 belongs to space group D4~ - F4/mmm 
and a structura·l model is shown in Figure 76. The best 
lattice constants avail able from Table 5 are a 0 = 5.3434 ~ 
and c 0 5 8.3257 ~ (face~centered tetragonal ce ll) . The 
atomic positions are as follows~ 
1 1 1 1 0 1 1 
4 V a t 000 ; ~ ~ 0 ; '2" 0 '2'; '2" '2" 
4 Al 
8 Al 
at 00 ~: 1 1 1. 1 
c.. 2 2 2~ 2 
at 
00~ 0 ~ 0; 
3 1 3 1 3 3 ~ (~ ~ ~); ~ (~ ~ ~). 
The dis t ance of closest approach both for Al-V and 
Al-A l is 2 .67~9 therefore the aluminum and vanadium atoms 
in Figure 76 and all other structure models are drawn 
with the same relative size • . Then 9 too 9 the prob lem of 
structure determination often resolves itself into the pack-
ing of idealized 9 hard-shell spheres in a polyhedron on a 
trial and error basis. Hence~ a knowledge of the size of 
the spheres elimina t es many of the possible arrangements» 
and 2.67 ~ wil l be adopted as the best working approxima-
tion for the diameter~of the aluminum and vanadium spheres . 
• 
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ALUMINUM- WHITE VANADIUM- BLACK 
ATOMS DRAWN 1;2 SIZE 
Fig. 76 - Structure Model of Al3v 
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The measured density of 3.57la for Al V gives 16.01 
atoms per unit cell. This was already kno~n from the 
structure determination, but it gives confidence in the 
use of density in determining atoms per unit cell. 
(b) o( (Al-V). After much probing in a high-alumi-
num casting which was slowly cooled in vacuo, a small octa-
hedral crystal was isolated and mounted so that one of its 
long axes was parallel to the axis of rotation of the 
goniometer. Oscillation and rotation pictures showed0 that 
this crystal was face-centered cubic with a = 14.5 · A. 
The ~ollowing systematic absences were note8 in the full-
rotation picture: 
(h k o ) except for h + k = 4n. 
(h h i ) with h + 1 = 2n + 1. 
The space group is, therefore, either T~ - Fd3 or 0~ - Fd3m. 
Careful inspection of oscillation photographs showed that 
the axis of r~tation had only a two-fold symmetry, and on 
this basis, Th - Fd3 has ·been taken as the correct space 
group. However, nothing could be determined about the 
chemical composition of the crystal without quantitative 
intensity data. 
During the course of a liquidus experiment, however, 
a small piece of vanadium was inadvertently allowed to sit 
in a crucible of molten aluminum for several days and 
afterwards it was found that the vanadium had completely 
reacted with the aluminum. The contents of the crucible 
were dissolved in concentrated sodium hydroxide, and the 
only residue was a small homogeneous pellet (3 grams) . 
that was neither aluminum nor vanadium. This pellet was 
crushed, and the X-ray pattern indexed as a face-centered 
cubic cell with a precision lattice constant of 14.586 R. 
Chemical analysis of this mater~al showed the pellet to 
contain about 12 per cent vanadium. In other words, the 
small octahedral crystal was now pinned to a defini~e por-
tion of the alloy system: the o( (Al-V) phase which was 
described in the microscopic nature of the system as being 
optically inactive under polarized light. 
The number of atoms in a unit cell could now be deter-
mined from the densities of alloys in the range of 12 per 
cent vanadium. An important restriction is that the 
number of atoms per unit cell must be some multiple of 
four since the cell is face-centered cubic: 
a Interpolated from Figure 9. 
Wt% V 
10.1 
14.3 
at % V 
5.61 
8.09 
ISC-353 
Density 
2.867 
2.933 
69 
Average At. Wt. n(calc.) 
28.31 189.0 
28.91 189.5 
Therefore 9 there are either 188 or 192 atoms per unit cell 9 
and there are only a few possible formulae for each case. 
A cell with 192 atoms means 48 atoms per molecule and 48 
atoms can only be divided up into 44 Al and 4 V or 45 Al 
and 3 V. Everything else is outside of a reasonable com-
position range. Again~ 188 atoms per cell means 47 atoms 
per molecule; 47 atoms can only be divided up in 44 Al and 
3 V or 43 Al and 4 v. Thus there are only four possible 
formulae 9 and all but one of these are not allowed by the 
space group 9 T4 - Fd3. That iss symmetry considerations 
will permit on~y the molecule containing 44 aluminum atoms 
and 4 vanadium atoms. Hence, (Al-V) must be Al11v (simplest ratio) with 192 atoms per unit cell. 
There are theoretically 33 differ~nt ways of arrang-
ing 176 aluminums and 16 ~anadium in T4 - Fd3. However 9 
packing considerations and rough inteqQity estimations will 
permit only the arrangement shown in Figure 77. The 16 
vanadium atoms occur in a tetrahedron of tetrahedrons; the 
atomic positions being: 
(000; ~! 0; 0 1 !; ! 0 !) ~ 
2 2 2 2 2 2 
1 1 1 3 3 1 
8' 8' g; E E 8"' 
Inside of each tetrahedron of vanadium atoms is a smaller 
tetrahedron of aluminum atoms. This grouping accounts for 
32 aluminum atoms» since the smaller tetrahedron is also 
repeated in the four corners of the unit cell not occupied 
by vanadium tetrahedrons. The atomic positions for the 
eight aluminum tetrahedrons are: 
(000; ! 1 0; ! 0 !; 0 ! ~) + 
2 2 2 2 2 2 
xxx; xxx; xxx; XXX) 1 
4 
( xxx ; x:xx; :xn; xxx ) , 
where x ~0.35 (packing considerations). 
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BLACK - VANADIUM WHITE- ALUMINUM 
ATOMS 1/2 SIZE 
Fig. 77 Structure Model of Al11 v 
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The four corner~ of the unit cell not occupied by -vanadium 
tetrahedrons have octahedrons of aluminum atoms associated 
with the aluminum tetrahedrons. In addition, there i~ ~n 
aluminum octahedron at the center of the unit cell~ which 
is repeated at the center of each of the twelve edges of 
t he unit cell giving a face-centered array. These two group-
ings of octahedrons account for 48 aluminum atoms whose posi-
tions areg 
1 1 l 1 1 1 {000 ; 2 2 0; 2 0 2; 0 2 2) + 
~(xoo, OxO; OOx); ! !(XOOs OxO; OOx); 
where x ~ 0.30 (packing considerations).: 
In addition.~) there are 96 aluminum atoms. not represented in 
Figure 77 with atomic positions involving three unknown para-
meters. 
. (c) t:3 ( Al-V). As mentioned above in the section on 
,mi crostructures . a 23.8 per cent alloy showed one phase 
t which was optically active. Then too~ it was possible to 
isolate .and ~aunt a well-formed crystal of this anisotropic 
or~ phase . The lattice constants were measured on a Buerger 
precess ion camera with Mo ~ radiation; the crystal was found 
t o be hexagonal with a 0 = 7.718 Rand c0 = 17.15 ~. Pre-
cession and Weissenberg pictures of the reciprocal space 
lattice about c 0 gave c6~ symmetry at al l levels. The Laue 
symmetry is thus D6h· The fol l owing systema t ic extinctions 
were noted ~ 
( hk .I ) 
{hhJ ) 
none 
with..l = 2n . 
~ 
4 4 Therefore4 the possible space groups are D6h - C6/mmc. C6v -
c6mc or D3 - Cb2c. For these space groups the number of 
atoms per unit cell must be some multiple of two. 
The density (3 . 072) of the 23.8 per cent vanadium 
alloy gave 55.5 atoms per unit cell. This in turn gave only 
one possible formula that was permitted by the space groupsg 
Al6V with 56 atoms per unit cell. 
Unlike the situa ion for o( (Al-V).Il a unique packing 
arrqngement coul d not be determined for this structure on 
the basis of steric hinderance or qualitative intensities. 
Quanti ative intensity measurements and the -resultidg Pat t er-
son vectors should give more structu~al information. 
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(d) ~(Al-V). The microscopic investigation showed 
that an isotropic one-phase region existed near 56 per cent 
vanadium. The X-ray powder photographs of alloys in thi.s · 
range indexed as a body-centered cubic cell with a 0 = 9.207 R. 
Density measurements on several alloys in this region gave 
approximately 53 atoms per unit cell which meant that the 
cell actually contained either 52 or 54 atoms. (Bo~y­
centered cells contain two molecules). Since single crystal 
data were not available; no unique space group determination 
could be made. However 9 it was known that the structure 
must conform to some sort of a super lattice since a 0 ·was 
exactly three times as long as -a~ for (v)', and the strong 
lines of ~(Al-V) were the body~centered lines of (V). That 
is, the (110) line of (V) was the (330) line of or(Al-V). 
A survey of the literature suggested that ~(Al-V) 
belonged to the ~-Brass type of structure of which there 
are 32 known representatives. T~e cell contains 52 atoms 
and ~elongs to the space group Ttl - I43m. Symmetry con-
siderations will permit only three possible formulae: 
AlgV4, Al8V59 and AlyV6· Al7v6 and AlgV4 seem to be almost 
outside of a reasonable composition range, but there is no 
justification for assuming that the theoretical formula . 
composition must fall within the one ,phase region. Then 
too9 AlqV4 might be isomorphous with Al4Cug, and Al7V6 is 
theoretically favorable since it has an electron to atom 
ratio of 21 to 13. · 
Intensity calculations have been made for the possible 
formulae in order that a unique formula may be chosen by 
comparison with the relative intensities of a powder photo-
graph. The results are shown in Table 8. The space group 
permits two possible arrangements of Algv5 ; the primed 
formula corresponds to the arrangement shown by AlgCr5; 
which has a distorted ~-Brass structure (33, p. 30), and 
the unprimed formula corresponds to the arrangment of the 
Zn8Ag5 • The structure that is isomorphous with zngAg5 gives the best fit ' to the observed powder intensity of a 
58 per cent vanadium alloy.a For the sake of comparison, 
the powder intensity of ZngAg5 (36) is included. 
The slightly idealized structure of d'(Al-V) is shown 
in Figure 78. The atomic positions are: ( 
aThe numerical intensities shown have been calculated by an 
approximation method used by Bradley and Thewlis (32, p. 684) 
in the original structure determination of ~-Brass. A 
vanadium atom has approximately 1.8 times the scattering 
power of an aluminum atom. A numerical intensity substan-
tially greater than l.O. should correspond to a line on the 
film, however weak. 
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Table 8 
Intensity Calcul ations for d (A1-V) 
Zn8Ag5 58%v A17V6 A18v5 A19v4 A18V51 
110 X vvw 0.5 2 . 9 34~5 15~4 
200 X X 3-.4 0.5 0.6 0.2 
211 vw vw 4 . 0 18 . 9 7.2 3~8 
220 X X 3.3 1.0 0.2 0~4 
310 X X 1.2 0.9 4.1 2.4 
222 w vvw 23.9 1. 6 5 .8 10.1 
321 ' X vvw 27.8 1.3 4.6 7.5 
400 X X 1 .0 o.o 2.7 o:6 
411.9330 s vs 193.0 218.0 164.0 190.0 
420 X X 0.3 o.o o.o 0 . 1 
332 w w 19.3 9.8 23.5 26.2 
422 w M 19.8 36.5 44.7 43.5 
510.9 431 vw vw 11 .3 2.2 14 .. 6 10.8 
521 X X 17.1 1 .4 2 .1 0.1 
440 w X 1.,3 0 .5 4.3 1 .6 
530.,433 X X 14 . 2 0 .7 1 .6 4.6 
600,1)442 s M 17.7 35.1 12 .7 16. 7 
611.9532 w vw 8. 1 10. 4 7.0 13 .. 3 
620 X X 0 . 1 0 . 2 0. 8 0.9 
541 vw vvw 2 . 2 6.8 4.1 0.1 
622 X X 7b0 0.4 0 .2 0 .4 
631 w w 22.7 7.8 16.9 12. 5 
444 M w 26.7 19.3 16 .9 18 .3 
710j)550.9543 w w 28.9r'J 19.3 22.2 25.5 
640 X X 1.9 ( 0:6 5.5 0.2 
633j)721j)552 s s 61.5 91. 6 68 .1 71.2 
642 X vw 7.7 2. 9 6 . 4 5.4 
730 X X 2. 9 0 .6 2. 3 0 .1 
65lj)732 X vw 20.2 10.0 22. 6 20 . 0 
800 X X 0.5 0.3 1.5 o.o 
811.9741.9554 :s: M 48 .7 46 . 6 40Jl 38.0 
820.9644 w vw 3 .5 6 .0 4.2 3 . 4 
653 X vvw 4.8 1.6 3.3 2. 4 
822.9660 M M 21.7 25.2 25. 8 23. 8 
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0 0 
ALUMINUM- WHITE VANADIUM-BLACK 
ATOMS DRAWN Y4 SIZE 
Fig. 78 - Structure Model of Al8v5 
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8 V at (000; ~ ~ ~) + xxx; xxx; xxx; xxx; where x 
8 Al. at (000,0 21 21 21 ) X XXX Whe e X - 0 36 + xxx; xx; xxx; ; r • ; 
1 1 1 12 Vat .(000; 2 2 2 ) ~ (xOO; OxO; OOx); where x = 0.36; 
24 Al at (000; ! !~1) + xxz; ZXX; xzx; xxz; zxx; xzx; 2 2 2 
xxz; zxx; xzx; xxz; zxx; xzx; 
where X - 0.31; z = 0.045. -
2. Phase transitions 
The structure of ¥and ~can be visualiz~d as evolving 
from the solid solution phase, (V) 0 When an aluminum atom 
is substituted at random in the body-centered vanadium lattice, 
it tends to surround itself with certain preferred nearest 
neighbors. All substitutional solid solutions exhibit, to 
a greater or lesser degree, this tendency, which is some-
times referred to as short-range ordering. If aluminum 
preferred eight nearest vanadium neighbors~ it would almost 
certainly undergo long range ordering or compound formation 
at 50 atomic per cent aluminum.a This does not happen in 
this system (even in spite of the favorable electron to atom 
ratio of 3 to 2) because aluminum prefers four nearest vana-
dium neighbors and four nearest"aluminum neighbors arranged 
tetrahedrally. Hence if the ~phase did notform, the solid 
solution would a lmost certainly undergo l ong-range ordering 
or compound formation by the time that there were three 
aluminums for every vanadium. Indeed, Figure 76 shows that 
~ (Al-V) is really a distorted super-lattice with aluminum 
in the center of a small cube and aluminum and vanadium 
sharing tetrahedral corners; the whole lattice has been 
stretched in the z direction because every other (o o ~) 
plane contains only aluminum atoms. 
~ (Al-V) may then be looked upon as an intermediate 
structure between (V) and ~. Actually as the atomic con-
centration approaches 50 per cent aluminum, the solid solu-
tion lattice undergoes long-range ordering; a large cube 
of 27 (V) cubes iS formed which then loses 2 of its 54 
atoms. One aluminum from the center and each of the eight 
aThis actually happens in the aluminum-titanium system (31, 
p. 613) where the ~-Brass type of super-lattice is formed 
with an aluminum in the center of a cube and titanium at 
each of the eight corners. 
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corners of the large cube is lost, and the atoms rearrange 
slightly ' to relieve the strain caused by the vacancies (see 
Fig. 78). 
It is significant that the small cube in the center 
of Figure 78 . is exactly the structural kernal that occurs 
in ~(Al-V): · a small tetrahedron of aluminums associated 
with a larger tetrahedron of vanadiums (see Fig. 77). The 
octahedrons of aluminums in Figure 77 can be thought of as 
the remains of the face-centered (Al) lattice which has · 
been distorted in the formation of the giant unit cell of 
o<..(Al-V). 
Unfortunately, sufficient structural information con-
cerning ,B (Al-V) has not been obtained to determine even 
the positions of the vanadium atoms and no comparisons can 
be made with its neighboring structures. 
VII. DISCUSSION AND SUMMARY 
The binary alloy system of aluminum and vanadium has 
been investigated by thermal, microscopic, chemical and 
X-ray methods. Density and a few of the other physical 
properties are reported. In general, thermal, microscopic 
and X-ray data are in good agreement concerning the nature 
of the alloy system; however, an uncertainty in chemical 
composition was introduced by the difficulty in preparing 
homogeneous samples. 
An essentially complete picture of the room-temperature 
phase relationships has been presentedo The phase boundaries 
and X-ray properties of the six single-phase regions are 
given together with the interelations which exist among 
these phases on the microscopic and atomic scales. The 
four intermediate phases appear to be peritectic in nature 
which may account for such unusual macroscopic behavior as: 
cold-worked alloys becoming harder upon annealing, arc-
melted alloys exploding upon cooling, and cast alloys from 
20 to 40 per cent vanadium being porous and friable. Also 
alloys between 15 and 70 per cent vanadium can be crushed 
to 300 mesh powder without signs of cold work. 
Much of the data accumulated from this work and from 
reliable references is summarized by the phase diagram pro-
posed in Figure 79. The liquidus up to 1100°C is taken from 
Mondolfo (14, p. 48) wpo reported some information on the 
solubility of vanadium in liquid aluminum. Fr•om 1100°C to 
1800°C, the liquidus is sketched in to conform with the 
optical pyrometer data and the horizontals at 1360° and 1670°C. 
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The one-phase regions for o(-(Al-V) and If (Al~V) are 
represented as vertical lines for want of experimental 
evidence to the contrary. (}" Al-V) and d (Al-V) -have been 
given finite sol id solubility ranges at low temperatures, 
but the exac t extent of these solubilities is unknown. On 
a graph of l/T°K versus log atomic per cent, the solvus 
for (V) (obtained from Figure 28) gave a straight line which 
could be extrapolated to 1670°C. - This extrapolation gave 
64.7 weight per cent vanadium for the terminal solid solubility 
point which is in good agreement with the microstructure -~alue 
of 65 per cent. One of the phase boundaries for the crphase 
has been drawn with a full line to express a degree of 
confidence in its location. This line between r!T and d 
plus (V) is somewhat restricted in its location by the fact 
tha~ ~(Al-V) is a super-lattice of (V).a The phase boundary 
between e{"'and o plus rF has been sketched in to conform with 
the microscopic evidence. Finally, the sol vus for (Al} may 
be drawn according to t he work of Roth (12~P· 359) or the 
method proposed by Fink and Freche (37); on the scale used 
in Figure 79 1 the difference between these two methods is 
negligibl e. 
A survey of the system on an atomic scale provided an 
unambiguous formula for each of the intermediate phases. 
In addition~ the crystal symmetry found for each phase was 
in good agreement with microscopic and macroscopic proper-
ties of each phase. That ~s, the hexagonal and tetragonal 
phases showed optical activity under pol arized light while 
the cubic phase did not. Then~ too, ~, ~ and~ which were 
cubic, hexagona l and tetragonal, respectively, formed octa-· 
hedral, hexagonal and tetragonal single crystals, respectively. 
Finally, a correlation of phase structure was presented 
which was keynoted by the preference of aluminum for four 
nearest vanadium neighbors and four nearest aluminum neighbors 
arranged tetrahedrally and also by the marked tendency toward 
super-lattice formation. 
aThe lattice constants of (V) in the two-phase region will 
be exactly one-third the corresponding lattice constants 
for ~(Al-V) . Hence~ Figure 28 has been extended to include 
the probable location of the phase boundary between cfand 
~plus (V). If Al8V5 is the highest melting composition 
in ~(Al-V), the lattlce constant versus composition plot 
for ~may be anchored at 1670°C. This plot is further 
restricted by the known positions of the two-phase regions 
from the microstructures. 
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